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Techniques for Analytical Transmission Microscopy 


CONFIDENCE IN MICROANALYSIS: LIES, DAMNED LIES, OR STATISTICS? 
P, J. Statham 


There are treatments of statistics in the literature!»* that give a good idea of attainable 
levels of accuracy and detection limits in microanalysis. However, the influence of peak 
overlap is rarely considered and background subtraction is usually given only superficial 
treatment. Because of the wide variety of spectrum processing techniques that are employed, 
general formulas are not always suitable and often underestimate the statistical error. 
When elements are not detected that should be present or results fall outside the expected 
range of concentrations it is all too easy to blame the equipment. Conversely, when the 
equipment is given a clean bill of health, any unexplained inaccuracies can always be writ- 
ten off as statistical in nature. With a better understanding of methods of calculation, 
the analyst can usually decide what is the true situation. This paper therefore attempts 
to establish a few statistical concepts and to demonstrate calculation methods which, al- 
though not always mathematically rigorous, are sufficiently accurate for most practical 
applications. 


Statistteal Fluetuattons 


Imagine an experiment in which the count in a particular channel of an x-ray spectrum 
is recorded and the experiment is repeated a thousand times under identical conditions. If 
the results were plotted as a function of spectrum number we would obtain a graph similar 
to Fig. 1, where it is clear that the counts fluctuate despite the control of experimental 
conditions. A histogram showing the frequency of occurrence of different count values would 
take the appearance of a peak centered around N, the mean value of the channel count over 
all spectra. If the count in a channel is a true indication of the number of quanta (pho- 
tons) collected, then statistical theory tells us that this histogram should approximate a 
Gaussian function with full width at half maximum fwhm = 2.3550, where o = N2, (The dis- 
tinction between "Poisson" and "normal'' distributions is unimportant for the current pur- 
pose.) Another way to characterize the scatter in results is to calculate the root-mean- 
square (rms) fluctuation from the formula 


n 
rms fluctuation = “ ZE (N, - N)2 (1) 


where N; is the channel count for the i'th spectrum. For a large number of measurements, 
the rms fluctuation is very close to o, the "standard deviation" of the distribution. Of 
course it would be impossible to run such a sequence of experiments in practice and with 
only a single channel count N; at our disposal, the estimate o = N.2 can be used to predict 
the likely fluctuation. For a single measurement, there is a 99.73% chance that the value 
will be within 30 of the true mean so the results tend to fall in a band of width 60 cen- 
tered around the mean (Fig. 1). 

The o = N2 relationship is independent of channel width in the x-ray spectrum, so iden- 
tical arguments apply to results obtained by integration over fixed energy windows. In 
spectrum processing, peak intensities are often calculated by combining results Nj; from 
more than one window in a formula such as N = f(N;, i = 1 to m); to calculate the expected 
statistical variation we make use of the following relationship: 


2 m gf \2 
= 2 
ONS ae (ir) oN, (2) 
1 1 


The author is with Link Systems Limited, Halifax Road, High Wycombe, Bucks HP12 3SE, 
England. 


which holds provided the individual results Nj are "statistically independent." Integrals 
from energy regions that do not overlap are statistically independent because if by chance 
an extra count fell in one region it would have no effect on the integrals for the others. 
If ranges do overlap, the chance addition of a count could affect the integrals for more 
than one region and in this case, Eq. (2) has to be expanded to include cross-correlation 
terms.? Equation (2) implies that if a result N is multiplied by a factor k then statisti- 
cal variations are scaled by the same factor (i.e., 0,4, = koy). Furthermore, if a result 
N is obtained by either addition or subtraction of the results A and B (i.e., N=A+ Bor 
N= A - B) then oy = (o,* + op?)’, the quadrature sum of the individual standard deviations. 


N? of identical counts —» 
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FIG. 1.--Results of hypothetical experiment where counts in a FIG. 2.--Integration ranges 
spectrum channel are recorded for 1000 spectra taken under for single peak on uniform 
identical experimental conditions; histogram shows mean count background. 

N = 100, dashed lines show calculated limits of +30 

(o = N2 = 10). 


Detectton Limits 


Consider the case of a single peak superimposed on a uniform background with integra- 
tion ranges as shown in Fig. 2. (If the background is tilted, the background window can 
be split into two halves, one on either side of the peak.) The quantity 


I = No - (W/W ON, (3) 
derived from window integrals N_ and Ny is aay to the net peak area. From Eq. (2), 
o; = IN, + (W/W) 2N, 17 (4) 


Usually it is quite easy to calculate an approximate conversion factor y between counts and 
concentration, either from measurements on a known sample or indirectly from a peak for a 
different element in the same sample via the "k-factor" for thin-foil analysis,* so the 
standard deviation in estimated concentration is yo;. For very small concentrations, 

I+ 0, so that Ny = (Wp /Wp ND and by substitution in Eq. (4) we obtain 


1 

= {N “2 
0 { p W/m) 2 + W/W (53 
From the earlier discussion it should be clear that even for a true concentration of zero, 
statistical fluctuations could produce concentration results as high as 309. However, if 


the result were greater than 309, we could be 99.86% certain that there was a nonzero con- 
centration of the element concerned; this limit of significance is commonly referred to as 


2 


the "detection limit" or "minimum detectable mass fraction'' (MMF). But if the true ele- 
ment concentration was equal to MMF, this-would only guarantee that a posttive result was 
obtained for I; the minimum concentration that would insure (to 99.86% confidence) that 
the measured concentration would exceed MMF is in fact 2MMF or 6yo9. 

For a fixed number of counts in the peak window, Nb Wp/Wb ; 


a 
MMF « [1 + W/m? (6) 
which shows the advantage of a large background window. However, even with an infinite Wp), 
MMF is only about 30% below the value it takes for W, = W,. If the peak window is adjusted 
to include a constant fraction of the total peak counts, then the width W, is proportional 
to the fwhm of the peak, so for a fixed ratio (W,/W,), the counts N) in the background are 
also proportional to fwhm. Furthermore, if the total count rate from the detector is n Hz 
then y « 1/n and Np «= n, so 


MMF « (fwhm/n)”2 (7) 


Thus we see that a two-fold improvement in count rate only reduces MMF by a factor of 0.7 
and a 10% improvement in detector resolution produces a reduction in MMF of only 5%, 


Effect of Peak Overlap 


The above analysis considers a rather simple situation. When peak overlaps occur, not 
only is it often difficult to find a convenient region for background measurement but also 
the net peak area has to be corrected by subtraction of contributions due to overlapping 
peaks. Since the correct formula for o includes terms for all the overlapping peaks and 
perhaps enhancement of the background term because of a restricted range of integration, 
the MMF may be considerably worse than the textbook value. Ryder* has analyzed the case of 
two overlapping peaks superimposed on a uniform (known) background where the "least-squares" 
technique is used to resolve the overlap. Working from Ryder's equations, we obtain for the 
MMF for an element with a peak in the wing of a large overlapping peak with area I» 


fwhm 
d 


where B is the background integral over a range equal to fwhm and d is the peak separation; 
the formula is valid provided d >> fwhm. As is clear from this equation, the MMF may be un- 
fortunately large if overlap is severe, and indeed it may even be impossible to assay an 
element with any realistic accuracy. As we would expect, good resolution is even more im- 
portant when overlaps have to be resolved. If we consider the worst case, with both a high 
background (B >> I5) and severe overlap, and note that B « (fwhm/n), then 


MMF = 3 y (0.54B + 0.2815)” (8) 


Sea 
MME « (fwhm) /n?2 (9) 


In this case, a 10% improvement in detector resolution gives a 15% reduction in MMF. 

Before we leave the subject of peak overlap, it is worth pointing out that if we are 
attempting to deconvolve a series of overlapping peaks, then the more peaks are included in 
the fit, the worse is the statistical error for each result. Thus, although it may be 
tempting to include as many elements as possible and leave a computer to "unscramble" the 
spectrum, higher precision is obtained if the operator can specify exactly which elements 
are likely to be present. For example, a spectrum of iron sulfide was analyzed by the fil- 
tered least-squares (FLS) approach®. When only the sulfur K peaks were present in the fit 
the estimated error in sulfur concentration was 0.24%, whereas when Pb M and Mo L peaks 
were included, the estimated error rose to 0.81%. 


Concentration Differences 


If we analyze two different samples and obtain different results, C, and Cy, for concen- 
tration of a particular element with associated estimates of statistical error o] and o92, 
then we can determine whether the difference is significant by considering the statistical 
error in (Cj - Cj). From Eq. (2) we can say that ogir¢ = (oy? + o5*)%, If the two samples 
have identical concentrations of the element then statistical fluctuations cause (Cj - Co) 
to take values distributed about zero but with a 99.73% probability of being within 


430 5 ge: Thus, if 


[Cy - Co | > 30 ai Fe (10) 
we can be 99.73% confident that the two samples differ in composition. If 0] and o» are 
roughly the same, then the criterion reduces to |C; - Cy] > 4.20). 

If we have several measurements at our disposal, the confidence level can be more pre- 
cisely defined and the degree of homogeneity for example can be determined using Student's 
t distribution. 


EELS Spectra 


Electron energy loss spectra are commonly recorded by serial data collection. Although 
the original signal is produced by the arrival of discrete quanta (electrons), one can pro- 
duce a spectrum--by analog-to-digital conversion (ADC), use of a voltage-to-frequency con- 
verter (VFC), or "pre-scaling" of counts from a threshold discriminator-~-in' which channel- 
to-channel fluctuations are smaller than would be predicted by the o = N? relationship. 
However, if channel counts are converted to equivalent numbers of detected electrons by ap- 
plication of a suitable scale factor, statistical errors can be calculated. (If an ADC or 
VFC is the only method of detection available, the scale factor may have to be estimated 
by observation of the residuals from a least-squares fit to a region of background.) 

In the common method for K-edge quantitation, a curved background 
of the form AE-T is extrapolated beneath the edge and subtracted to 
give the net integrated signal S, (Fig. 3). We convert it to concen- 
tration in atoms/unit area by multiplying by the factor 1/[Sg0,(A,8)], 
where Sg is the counts obtained by integration of a window of width 
A over the zero-loss peak and o,(A,8) is the partial cross section 
for energy range A and collection angle 6.© If the functional form 
of the background is known, the integral N, of counts in the back- 
ground region preceding the edge can be used to calculate the back- 
ground N)* beneath the edge by application of a factor derived from 
values for the energy limits and the exponent r. The standard devia- 
tion in N,* is then simply Np*/Ny 2. If the total integral in the 
edge region is N,, then S, = N, - Nj” with standard deviation 
FIG. 3.--Regions of (Ny + (Ny */Np) Np*)°2. If we ignore errors in Sq, the 30-detection 
interest in EELS limit is therefore 

uantitation; fitted 1. 2 
paeke sound curve is 3i[1 + (N,*/Ny) IN, * 7/1809, (4,8) ] atousycm (11) 
shown extrapolated 
beneath K-loss edge. 


Although this formula seems reasonable, it does assume that r is fixed 
so the background can be obtained by scaling. If r is unknown and has 
to be determined from the data either by least-squares fitting or by application of a special 
formula,® the uncertainty in the extrapolation is increased. Since a detailed analysis of 
error propagation through either technique does not appear to yield any simple analytical 
formula, a simple approach has been used to estimate the added uncertainty. The background 
region is assumed to be split into two halves centered at E, and Ey with integrals N; and No 
which are used to calculate the equation of a straight line. The error in the background 
integral when this line is extrapolated is 

neo NATG - £)°M + £2No}@/[(1 - £)Nq + £No] (12) 
where f = (Ey, + 0.5A - E,)/(Eo - Ej). In the simple case where N, = No = Np/2, and for a 
typical value of f = 3, OND = 5. 1N)*/Np2. This result is somewhat alarming since it im- 
plies that the error is considerably worse (by a factor of 5.1) than if r were known. 

This analysis is rather artificial; in an alternate approach, a background of the 
form exp(27.55)E~3:°* was combined with simulated Gaussian statistical noise and a log-log 
least-squares approach was used to fit the background to a curve of the form exp(a)E-F over 
a fitting range from E = 213 to 273 eV at 1 eV per channel. The integral in the range 
E = 284 eV to E = 364 eV was compared with the extrapolated background integral for 100 
Simulations and the differences were used to calculate the standard deviation from Eq. (1). 
Typical values for N, and Np* were 210 000 and 100 000 counts, respectively, and the re- 
sulting detection limit was a factor of 3.1 greater than that predicted by Eq. (11). Al- 
though no overriding conclusions can be drawn from these results, they do suggest that cal- 


e) 


culations which do not take into account the uncertainty introduced by fitting of the ex- 
ponent r lead to unduly optimistic estimates of minimum detectable concentration. 


Imaging 


If an image is considered to be segmented into a fine grid of picture elements or 
"pixels," then the integrated intensity in a pixel can usually be related to the number of 
quanta Q detected and we can apply simple statistical calculations to see whether a given 
feature will be visible. If the feature covers an area including Na pixels, by adjusting 
the eye-image distance we can arrange for the eye to average the intensity over the area 
and compare it with a region of similar size in the surrounding picture. For the feature 
to be visible, the intensity difference must exceed the level of statistical fluctuations, 
so 


NaQe ~ NQ, > 5(N,Q.)% (13) 


where the factor 5 implies the "Rose criterion" for visibility’ and the subscripts f and 
s refer to feature and surrounds respectively. Figure 4 shows x-ray maps that were col- 
lected by use of a digital mapping facility described elsewhere.® In Fig. 4(b) a dwell 
time of 32 ms per pixel was used on a 64 x 64 grid and some small blobs are just visible 
running down the center of the image. Each blob occupies an area of about 4 pixels with 
a count per pixel Q¢ of about 26, and is surrounded by an area of pixels with a count Q, 
around 14; application of Eq. (13) gives 48 > 37, which confirms that the blobs should be 
visible. In Fig. 4(a) the dwell time is only 8 ms per pixel and since Q¢ = 7 and Qs, = 4, 
Eq. (13) suggests that the blobs are just below the limit of visibility. 


Smoothing 


The average of several measurements of the same parameter is subject to a smaller sta- 
tistical standard deviation than the result of a single measurement. Spectrum smoothing 
relies on this principle and in the simplest application involves replacing a channel 
count N; by the average over 3 adjacent channels, (Nj_] + N; + Nq4,)/3. This would be 
called a "3-point smooth"; 5-, 7-, and 9-point routines can similarly be defined. Although 
this procedure does reduce the magnitude of statistical fluctuations, it also degrades 
spectrum resolution, so that there have been many attempts to generate a smoothing tech- 
nique that reduces the apparent noise while preserving resolution. The "Savitzky/Golay" 
procedure ,? which replaces a channel count by a weighted sum over neighboring channels, is 
popular but techniques based on the Fourier transform can be even more effective.!° Al- 
though these techniques produce results with more esthetic appeal than the raw data, it is 
important to consider quantitative effects on spectrum interpretation. The standard de- 
viation at a particular channel can be calculated from Eq. (2) and is generally smaller 
than Ni, but any smoothing procedure introduces a correlation between fluctuations for 
nearby channels. In a noise excursion in a single channel, smoothing reduces the ampli- 
tude but spreads it over several channels in a form that matches the shape of the weight- 
ing function; for a polynomial smooth, this result normally means that spiky statistical 
noise is transformed into a series of wavy artifacts distributed throughout the spectrum. 
If we are using smoothing to aid peak detection, these wavy artifacts only complicate the 
issue and there is little justification for using a complicated smoothing technique when 
a simple one will be just as ineffective! A common misconception is that smoothing re- 
moves statistical noise, whereas in fact it is only "transmuted" into a form that is vis- 
ually less apparent. If smoothing is performed prior to a series of processing algorithms, 
this procedure will make the expected error in the result even more difficult to calculate 
than it is already. 


Chi-square Test 


When a series of peaks, or a mathematical function, is fitted to a set of n data points 
yj, i = 1 ton, the "goodness of fit't is normally assessed by observing the sum 


n 
x2 = Be [Qe = s.0/o 1" (14) 
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where sj is the fitted result and o; is the statistical standard deviation at point i. If 
the individual data points y; are statistically independent, then for large n, x? is dis- 
tributed according to a chi-square distribution with { - m) degrees of freedom, where m 
is the number of fitted parameters. If s; were the true mean at each point, then we might 
expect x2/n to be fairly close to 1; so if x2/n is much greater than 1 the fit is "bad." 
Although statistical theory can be used to apply tests to examine the validity of the fit, 
in practice it is usually sufficient to consider x2/n merely as an index that describes how 
great the observed differences are relative to random statistical errors. Since the rela- 
tive statistical error is high in a spectrum with few counts, x2 is usually smaller than 
for a spectrum with good counting statistics. Of course that does not imply that results 
are better at short counting times and it is important to realize that x2 does not give a 
direct indication of accuracy. 


ConeLlustons 


Since the signal strength is severely limited in the microanalysis of thin films, sta- 
tistical considerations have a much greater bearing than for microprobe analysis of bulk 
specimens. Even with a simple approach to error calculation it is possible to assess 
whether an experiment has any chance of success. It seems that closer attention to detail 
in statistical calculations is warranted when elements are close to the limit of detection. 
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THE PRACTICE OF MODIFYING AN ANALYTICAL ELECTRON MICROSCOPE TO PRODUCE CLEAN X-RAY SPECTRA 
L. F. Allard and D. F. Blake 


In recent years, both conventional scanning transmission electron microscopes (TEM-STEM) 
and dedicated scanning transmission electron microscopes (D-STEM) instruments have come in- 
to widespread use as quantitative microanalytical tools. A number of articles have been 
published which address the need for modifying as-manufactured instruments to permit the 
collection of x-ray data suitable for quantitation. (References 1-4 are excellent tutorial 
articles which contain reviews of the literature concerning modifications for specific in- 
struments.) Much effort has been concentrated on the elimination of peaks which appear in 
EDS spectra as a result of the excitation of x rays, by various processes, from areas away 
from the point of analysis on the specimen. Such peaks, generally called "systems peaks," 
may preclude accurate quantitative energy dispersive (EDS) analyses, reduce the sensitivity 
for detection of minor or trace elements, or impair the spatial resolution of analysis. 

Systems peaks have been shown to originate from two general sources of exciting radia- 
tion. The first source, the "upper column", includes all components of the electron opti- 
cal column above the specimen. Upper column sources produce a shower of x rays and high- 
energy electrons that can bathe the specimen and surrounding materials, creating a detect- 
able spectrum even when the primary beam is allowed to pass directly through a hole in the 
specimen. A spectrum acquired in this fashion is usually called an "in-hole" or "hole 
count'' spectrum. The second general source of exciting radiation is the sample itself, 
which produces not only the desired characteristic x-ray spectrum from the point of analy- 
sis, but also continuum x rays and backscattered electrons (BSEs) having energies up to the 
energy of the primary beam. This specimen-generated radiation can interact in a number of 
complex ways with adjacent volumes of the sample and surrounding materials to produce an 
X-ray spectrum that is not representative of the area analyzed. 

This paper presents an example of a systematic procedure for modifying a typical analy- 
tical electron microscope (AEM) to identify sources of spectral contamination and minimize 
their effect on the sample spectra. The results of the modifications are described in a 
step-by-step fashion, with the physical processes that produce changes in the resulting 
spectra (peak ratios, background, etc.) analyzed and explained. A number of benchmark 
tests, using easily prepared specimens, are described that may be useful in establishing 
procedures for quantifying the performance of an AEM-EDS system. 


Scope of the Paper 


We describe a procedure for modifying a 100kV TEM-STEM (JEOL JEM-100CX), fitted with a 
horizontally mounted EDS detector. The modification procedure described follows, in gen- 
eral, the steps outlined by Bentley et al.2 First, radiation generated from upper column 
components is identified and eliminated. Next, systems peaks generated by sources around 
the specimen, including the specimen itself, are identified and minimized. We do not ad- 
dress problems associated with microscopes operated in excess of 100 kV, or problems spe- 
cific to dedicated STEM instruments. It is likely, however, that many of the specific 
tests suggested here would be useful for characterizing systems peaks in such instruments 
as well. 

After a description of the modifications required to produce clean spectra for a stan- 
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dard set of conditions, some useful instrument calibrations are outlined to illustrate the 
effect of various operating parameters on the production of systems peaks in the EDS spec- 
trum. Such calibrations are necessary so that the analyst can determine the range of op- 
erating conditions that give acceptable results. Tests are described which are designed to 
evaluate proper detector collimation, the presence and extent of electron tails, the effects 
of bremsstrahlung and characteristic radiation on sample self-excitation, and the like. 


Upper Colum Modtiftcations 


The flux of radiation from the upper column can be completely characterized by use of 
hole-count spectra from appropriate samples. An ideal specimen for this part of the pro- 
cedure is a gold washer, prepared by drilling of a small hole (#80 drill) in a 3-Smil-thick 
gold foil. This sample is easily constructed and provides a large bulk of readily fluo- 
resced material close to the beam path. In addition, gold has high-energy (9.7keV La) and 
low-energy (2.15keV Ma) lines useful for determining whether the peaks are generated by 
x-rays or electrons. The Au Ma intensity increases relative to the Au La intensity when 
there is appreciable excitation by electrons.!»2 Gold is also useful for this and later 
tests because the Au La line efficiently fluoresces both copper and iron present in various 
components of the specimen chamber and thus gives an indication of the extent to which 
these components produce systems peaks by x-ray fluorescence mechanisms. 


Expertmental Condtttons. For characterization of hole-count spectra, the gold washer 
was placed in a standard copper alloy specimen holder, to provide additional bulk around 
the specimen so that the lateral extent of x-ray fluorescence away from the specimen could 
be determined. The detector was inserted to a position which permitted the closest ap- 
proach possible to the specimen when an appropriately designed detector collimator was in 
place. However, to determine the lateral extent of radiation from the upper column most 
effectively, the detector collimator was removed for all hole count tests. This procedure 
permitted x rays from any source within the specimen chamber to be detected. 

Standard instrument operating conditions were chosen and used for all spectra acquired, 
unless otherwise specified. The standard conditions were: an accelerating voltage of 100 
kV, with the emission current adjusted to produce an incident current of 0.5 nA, as meas- 
ured by a simple Faraday cup inserted just above the sample. (This incident current is 
sufficient to give a count rate of about 500 cps on a 50nm-thick gold film). All spectra 
were acquired for 200 s, with a standard 35° sample tilt used. 

Modifications. Figure l(a) shows the hole count spectrum obtained with the microscope 
in its pristine condition, with the beam positioned through the hole in the gold foil 
washer. The washer was held in the copper specimen holder in the single-tilt copper rod. 
The hole-count spectrum indicates that there is a large flux of radiation from the upper 
column which is incident over the entire sample area as well as the specimen holder. This 
spectrum gives initial evidence that the major problem in the JEM-100CX is x-ray fluores- 
cence from the upper column rather thar scattered electrons, since the low-energy Au Ma 
lines are substantially less intense than the high-energy Au La lines. In fact, the geom- 
etry of the CL system clearly precludes any substantial flux of scattered electrons from 
exiting the CL system, except for those electrons scattered in the forward direction and 
constrained by lens fields to remain near the beam. 

The major sources of characteristic and continuum x rays in the upper column are the 
Mo thin-foil apertures of the CL system. To reduce the hard x-ray flux substantially, the 
thin fixed apertures were augmented by installation of thick Pt apertures with a slightly 
larger hole diameter directly beneath the thin apertures.* For example, if 625um Pt aper- 
tures 250 um thick are placed beneath the 600um thin Mo apertures of the JEM-100CX, the 
transmission of hard x rays is reduced to less than 1% of the original intensity. The 
thickness of the Pt apertures should not be excessive, to minimize the potential for scat- 
tering of electrons from the bore. Figure 1(b) shows the reduction in the hole-count 
spectrum obtained with the "composite" fixed apertures described above. (Note the change 
in vertical scale.) 

The flux of x rays resulting from the 200um molybdenum thin-foil adjustable CL aperture 
can be reduced if this aperture is replaced by a 250um-thick platinum aperture. One can 
fit this aperture to the aperture blade in the first aperture position by cutting away 
the seldom-used 400um aperture from the aperture strip and leaving the remaining thin 
apertures intact. It is desirable to retain the thin-foil apertures for normal TEM 


imaging since they do not contaminate as quickly as the thick apertures and provide routine 
capability for high-resolution imaging. Figure l(c) shows the further reduction in the 
hole counts obtained using the thick aperture in the adjustable aperture blade. (Note 
change in vertical scale.) 
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FIG. 1.--Hole count spectra from thick gold-foil test specimen (detector collimator re- 
moved): (a) unmodified upper column; (b) fixed CL thin foil apertures replaced by thick 
"composite" apertures; (c) same as (b) above, but with thin foil CL2 adjustable aperture 
replaced by 200um-thick platinum aperture; (d) same as (c) but with 200um-diameter "hard 
x-ray''aperture installed and properly centered. 


The remaining x-ray flux from the upper column can be removed by a "non-beam-defining" 
aperture above the specimen. Various geometries of this aperture have been described in 
the literature.!,°,® Desirable features of such a "hard x-ray'"' aperture (HXA) are as fol- 
lows: (1) the aperture should be removable so that it does not impair normal operating 
modes of the microscope; (2) it should effectively fill the bore of the column to the ex- 
tent that no stray x-ray or electron scattering can result from its insertion around the 
beam path; and (3) it should block the x-ray flux as effectively as possible without inter- 
secting the primary electron beam. 

The hard x-ray aperture device available from JEOL for the JEM-100CX has the desirable 
features listed above. The HXA blade is installed above the OL polepiece through a slot 
in the magnetic shield tube, about 5 cm above the specimen. The advantage of this loca- 
tion is that it can be imaged by secondary electrons so that it can be roughly centered. 

In addition, it is sufficiently far above the specimen so that the flux of scattered radia- 
tion from the specimen does not interact extensively with the aperture to generate spectral 
artifacts. The aperture blade holds a platinum aperture 500 um thick with a 200um 
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cylindrical hole. 

The alignment of the hard x-ray aperture with respect to the primary beam is critical. 
Fortunately, the aperture can be simply aligned by observation of the secondary-electron 
image (SEI) signal on a waveform monitor when the electron beam is in STEM "point" mode. 
The signal should appear as a point whose vertical position above the zero-signal baseline 
depends upon the SEI signal collected by the detector. The height of the signal above the 
baseline can then be minimized by adjustment of the aperture controls. 

The diameter of the HXA should be only slightly larger than the beam diameter at the 
plane of the aperture, to minimize the total flux of hard x rays passing through the bore 
of the aperture. Unfortunately, the beam diameter at the plane of the aperture changes 
significantly with operating mode. The operator must be careful to insure that for dif- 
ferent CL currents the HXA does not become beam-defining. For example, in the JEM-100CX, 
a 200um HXA acts as a non-beam-defining aperture in ''LO MAG" mode, but intercepts the 
electron beam substantially in "STD" mode. 

The spectrum of Fig. 1(d) was collected under conditions identical to those of Fig. 
l(c), but with the HXA inserted and properly centered. This spectrum shows only a few 
counts in the copper peak, even with no detector collimator in place and no special ma- 
terials used in the sample chamber. With the use of a properly constructed detector col- 
limator, or with low-atomic-number materials around the specimen, this hole count can be 
eliminated. 


Sample Chamber Considerations 


Effects of Sample-generated Spectral Contamination. Before discussing specific pro- 
cedures for "cleaning up" the specimen environment, we shall find it instructive to out- 
line the possible interactions between "sample-generated" fluorescing radiation and the 
specimen environment. If we assume that the hole count is effectively zero, then the point 
of analysis on the sample can be considered as the sole source of radiation that creates 
systems peaks when sample counts are acquired.’ Figure 2 shows schematically the several 
important interactions which cause an x-ray or electron flux to enter the detector. The 
only useful signal is, of course, that of the electron-fluoresced x-ray signal from the an- 
alysis point (Fig. 2a). All other signals that enter the detector contribute to systems 
peaks or to background in the spectrum. A wide variety of materials near the specimen can 
be fluoresced by either x rays or backscattered electrons from the point of analysis on 
the sample. Figure 2(b) shows schematically how these x rays can enter the detector and 
produce systems peaks. It is also possible for electrons to backscatter from materials 
near the specimen and enter the detector, but this effect is probably negligible. A sec- 
ond mechanism for the production of systems peaks is illustrated in Fig. 2(c). X rays 
and/or backscattered electrons from materials near the specimen can fluoresce bulk regions 
of the specimen, producing incorrect relative peak heights in the spectrum.® Perhaps the 
most important source of x-ray spectral contamination, however, is self-excitation of the 
sample by x rays and backscattered electrons from the point of analysis (Fig. 2d). This 
effect is particularly nefarious since sample self-excitation results in changes in rela- 
tive peak heights in the spectrum that are not as obvious as other types of spectral con- 
tamination. This is a major problem with thin-foil analysis in an AEM, dependent to some 
extent on sample type. There is at present no way to prevent this sample self-fluorescence, 
and no way to prevent it from contributing to the acquired spectrum. Even a weli-designed 
collimator permits x rays from an entire 3mm sample to enter the detector. 

This brief overview is intended to put the problem in perspective before the necessary 
modifications are described. It is important for the analyst to be fully aware of the pos- 
sible sources of systems peaks within the sample chamber before a clean-up procedure is de- 
vised for a particular instrument. 

Detector Collimatton. Before the sample chamber is modified, it is necessary to in- 
stall a detector collimator to prevent x rays from large distances away from the specimen 
from entering the detector. If a collimator is not used, it is difficult to isolate and 
eliminate sources of x rays in a systematic fashion. Once systems peaks are adequately re- 
moved with a collimator in place, subsequent removal of the collimator can provide infor- 
mation on the residual x-ray or BSE sources within the chamber. 

In a typical collimator design (Fig. 3), the graphite liner of the collimator has a 
hole tapering from 1.5 mm at the tip to 2.5 mm at the base over a 5mm length, with the 
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front surface tapered at 45° to permit the detector to be positioned as close as possible 
to the sample. Such a collimator effectively absorbs off-axis copper and iron x rays and 
reduces the intensity of these major spectral contaminants to only a few percent of their 
incident intensity. The tapered bore permits the largest possible solid angle to be sub- 
tended by the detector? but limits the penumbra of solid angle to a reasonable size. 
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FIG. 2,--Possible sources of spectral contamination generated in specimen chamber by x rays 
(dashes) and electrons (solid lines) from specimen: (a) characteristic and continuum x rays 
from the point of analysis, as well as backscattered electrons; (b) sample-generated radi- 
ation fluoresces x rays from chamber components; (c) sample-generated x rays and electrons 
interact with chamber components to produce x rays and electrons, which in turn fluoresce 
bulk areas of the specimen away from the point of analysis; (d) sample-generated x rays and 
electrons fluoresce bulk areas of specimen away from the point of analysis. 


A detector collimator cannot prevent high- 
; energy BSEs or high-energy x rays from entering 
Sey) the detector along with the normal spectrum. The 
= extent to which these signals produce spectral ar- 


Ba tifacts has been discussed recently and wili not 
DETECTOR = COLLIMATOR SPECIMEN be reviewed here.!® An advantage of a horizontal 


CRYSTAL detector over a high-angle detector is that BSEs 
FIG. 3.--Design of graphite collimator are effectively swept out of the detected cone of 
to maximize cone of acceptance or umbra radiation by the lens field. High-angle detectors 
(dashes) of x rays from point of an- require special collimation to minimize the BSE 
alysis while minimizing the cone of Signal that enters the detector. 1! 
acceptance or penumbra (dots) of x rays One potential problem with the installation of 
from surrounding volume. a collimator is proper alignment of the axis of the 
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detector with the analysis point. It is possible that an as-received detector will not be 
correctly aligned with the analysis point, so that when a collimator with a small entrance 
hole is installed it will intercept a portion of the incident cone of x rays. If that hap- 
pens, low-energy x rays are preferentially absorbed over higher-energy x rays, and improper 
ratios between high- and low-energy lines results. Figure 4(a) shows the effects of an im- 
properly aligned detector. A spectrum of bulk tungsten was acquired, which shows strong 
peaks from the W La, L& lines, but virtually no intensity in the W Ma line. With a properly 
aligned detector and collimator, the spectrum showed a reversal in the ratio of W La and 

W L8 peaks, as well as an intense W Ma peak (Fig. 4b). In addition, the background was de- 
creased substantially. 


FULL SCALE = 1000 FULL SCALE = 1000 


COUNTS 
COUNTS 


0 10 20 30 0 10 20 30 
ENERGY (xeV) ENERGY (KeV) 


FIG. 4.--Demonstration of (a) poor an’ {(b} good detector-collimator-sample alignment. 
Sample: bulk tungsten. Note relative changes in peak heights. 


Sample Chamber Modiftcattons 


Sample Types. As with the upper-column modification procedure, gold is considered to 
be an ideal material to serve as a worst-case sample for sample chamber tests. Two types 
of specimens were prepared, a 50nm gold film sputtered onto a carbon film supported on a 
beryllium grid, and a composite sample that results when this thin film is placed over the 
thick gold washer used previously for hole-count spectra. 

Sample counts were acquired with the same beam conditions used for hole count spectra, 
and with the sample tilted at 35°. The OL aperture was retracted to the zero position, and 
an anticontamination device was in place. 

An initial sample count was acquired from the thin Au film, with the specimen retained 
in the single-tilt copper specimen rod (Fig. 5a). The primary spectral contaminant is cop- 
per, clearly from the large bulk of copper surrounding the specimen. The copper appears to 
be primarily x-ray excited, since there is no evidence of a Cu Ma peak at 0.93 keV. This 
result illustrates the importance of using the appropriate test specimen; if a low-atomic- 
number material had been used as a test specimen, the copper peak would have been much re- 
duced, which would indicate less severe sample chamber spectral contamination. Figure 5(b) 
shows a Similar spectrum with the specimen held in a graphite specimen holder but still in 
the copper specimen rod.!* The reduction in copper indicates that much of the copper in the 
original spectrum originated directly in the copper specimen holder. However, simple re- 
placement of the original sample holder with one made of graphite is not sufficient to re- 
move copper as a spectral contaminant. 

A simple test was used to determine the extent to which the remaining sources of copper 
were located above or below the plane of the specimen. When the thick gold washer was in- 
serted below the thin gold film, the spectrum of Fig. 5(c) resulted. This further reduc- 
tion of copper indicated that there was a significant source of copper x rays below the 
specimen, as the washer effectively collimates any flux of radiation from below the speci- 
men plane. The nearest copper sources below the specimen were the floor of the cold cup 
and the top of the copper guard tube in the OL bore. By fitting a piece of beryllium sheet 
150 um thick to the floor of the cold cup, and replacing the top of the copper guard tube 
with an identical part made from Al,? we obtain the spectrum of Fig. 5{d). This spectrum 


13 


FULL SCALE = 4000 FULL SCALE = 4000 


3 3 ; 

a) é | 
ity 
H 

wn = 

= = 

=} — 

fs 5 

LA 

4 = 

5 S 

o 

‘ ENERGY (xeV) ENERGY (keV) 


FIG. 5.--Spectra of gold-foil sample resulting from sample chamber modifications: (a) gold 
thin foil, copper specimen rod, copper specimen holder, no modifications; (b) copper holder 
replaced by graphite holder; (c) same conditions as (b) but with thick gold washer under 
thin gold film (reduction of copper peak suggests that source is below sample); (d) same 
conditions as (c) but with beryllium foil covering floor of cold cup and copper guard tube 
replaced by aluminum tube; (e) same conditions as (d) but with gold washer removed from be- 
low specimen (increase in copper peak suggests additional copper source below specimen) ; 
(£) same conditions as (e) but with copper specimen rod replaced by one made from aluminun. 
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shows copper reduced to a level barely above background, which indicates that most of the 
copper x-ray sources below the specimen plane were eliminated. It is informative to com- 
pare the relative heights of the Au La and Au Ma peaks between Figs. 5(b). and (c). The 
change in relative peak heights from the thin-foil spectrum of Fig. 5{b) to the thin-foil 
spectrum of Fig. 5(d) resulted from the presence of the thick gold washer. This effect is 
shown schematically in Fig. 2(d). X rays from the point of analysis on the thin foil flu- 
oresce the bulk gold of the washer, which results in an increase in the Au La peak relative 
to the Au Ma peak. A further change in the peak ratios shown between Figs. 5(c) and (d) 
suggests that some of the gold x-ray fluorescence was generated by continuum x rays from 
the cold cup and the copper guard tube. When this source was removed by installation of 
beryllium foil and the Al guard tube, the Au La was reduced in intensity relative to the 
Au Mo. 

The spectrum of Fig. 5(e) was acquired under conditions identical to those of Figs. 5(d), 
but with only the thin gold film in place. The re-appearance of copper in the spectrum in- 
dicated that there was an additional source of copper x rays below the specimen plane. 
Calculations indicated that the graphite specimen holder was not thick enough in the vicin- 
ity of the specimen to absorb the copper x rays that were produced in the specimen rod by 
both characteristic and continuum x rays from the gold sample. To eliminate this source of 
copper x rays from the spectrum, a facsimile single-tilt rod was constructed from aluminum, 
since only about 30 um of graphite is required to attenuate 99% of the Al Ka x rays. Fig- 
ure 5(f) shows the resulting thin-film spectrum, which demonstrates that the copper peak 
was effectively eliminated by this final sample chamber modification, and that the aluminum 
rod did not contribute a systems peak. 
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FIG. 6.--Spectra from nickel foil, showing effect of collimator in removing systems peaks: 
(a) collimator in place; (b) collimator removed. 


Collimator. One can demonstrate the collimator's effectivenes in eliminating systems 
peaks that originate at large radial distances from the specimen simply by acquiring a sam- 
ple spectrum with no collimator in place. Figure 6 shows such a test. A spectrum acquired 
from a thin nickel film supported by a beryllium grid is shown with the collimator in place 
(Fig. 6a) and with the collimator removed (Fig. 6b). Although the collimated spectrum is 
apparently free of contamination, the uncollimated spectrum indicates that there are addi- 
tional sources of x rays which have not been removed. The sources of copper and gold are 
most likely remote areas of the cold cup not protected by beryllium. The minor gold signal 
seems to be electron excited and probably originates in the thin Au coating on the gold cup. 
The iron peak doubtless originates from the polepiece. 

It is reassuring to know that the collimator is capable of effectively keeping this 
spectral contamination from entering the detector. However, the extent to which x rays and 
high-energy electrons are fluorescing bulk areas of the sample is unknown. The analyst 
should not be lulled into the false sense of security provided by a well-designed collima- 
tor. Such collimators are highly effective in removing systems peaks of the type shown in 
Fig. 2(b), but are only marginally effective in removing other sources such as those shown 
in Fig. 2(c). 
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System Charactertzattons 


Changes tn Operating Conditvons, Once acceptably clean EDS spectra can be acquired for 
some standard mode of operation, it is useful to determine how operating conditions can be 
varied without re-introduction of systems peaks. For example, when very thin edges of a 
specimen are being analyzed, it is advantageous to increase the incident-beam intensity to 
improve counting statistics. This goal is commonly achieved by reduction of the CL] current. 
It was determined that the beam intensity could be increased 20-fold with a negligible in- 
crease in hole counts. The hole counts for this test were acquired 0.1 um from the edge of 
a 70nm-thick gold film so that increases in the flux of electron tails might also be de- 
tected. The resulting spectra showed noticeable Au Ma peaks at the highest beam intensi- 
ties (lowest CL1 settings), but the effects were negligible. It appears that the upper col- 
umn modifications described here are relatively insensitive to increases in beam current. 
However, large changes in CL1 current affect the beam diameter at the plane of the HXA. It 
was found for the JEM-100CX that the 200um HXA would accommodate large current increases 
without intersecting the beam, although at the lowest CL1 setting aperture centering was ex- 
tremely critical. 


The Extent of Electron Tatls. The term "electron tails" has generally been used to de- 
scribe those electrons which fall outside of some nominal primary beam diameter. Electrons 
scattered at large angles with respect to the primary beam are easily removed by suitable 
plugs in the CL bore.“ Electrons scattered at small angles and which remain in the near 
vicinity of the beam are more difficult to remove. These electrons can be generated by 
scattering within the bore of thick apertures, or by scattering by contamination within the 
bore of any aperture above the specimen.* In order to characterize this effect, a dirty 
thick platinum aperture was installed in the adjustable CL2 aperture blade. Hole count 
spectra were acquired from the thick gold washer specimen, at decreasing distances from the 
edge of the washer. The thick aperture was then removed and cleaned by flaming, and a sec- 
ond set or hole counts under identical conditions was acquired with the clean CL2 aperture. 
The integrated counts at FWHM under the Au La peak from both sets of measurements are plot- 
ted in Fig. 7. This figure graphically indicates that contaminated apertures can have a 
large effect on the extent of electron tails, which can severely degrade x-ray spatial 
resolution. 


Experimental Constderations and Examples ec 


Tests for Sample Self-flourescence. Sam- 
ple self-fluorescence is a problem which, 
dependent upon the nature of the sample and 
the type of information desired, can seri- 
ously affect the results of a thin-film EDS 
analysis. As described earlier, the sample 
can be fluoresced by a number of sources. If 
we consider that fluorescence from x rays and 
BSEs from nearby objects has been minimized, 
there remains the possibility that both x rays 
and BSEs from the analysis point can excite 
other areas on the sample. This problem is 
most severe for ion-thinned or electropolished DISTANCE FROM EDGE (MICROMETERS) 
foils, which have a large bulk of material near 
the point of analysis. Very thin evaporated 
films or crushed grain specimens supported on 
carbon films on low-atomic-number support grids 
do not present the necessary bulk to produce a 
Significant flux of x rays from areas other 
than the point of analysis. 

A simple test specimen was devised to characterize the effects of sample self- 
fluorescence by characteristic and bremsstrahlung x rays. The specimen consists of 
crushed grains of silicon deposited on a carbon film on a beryllium grid, supported on a 
copper single-hole grid with a 1.0mm-diameter central hole. The copper grid was dipped in 
colloidal graphite to produce a thick coating of carbon on its surface sufficient to 
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FIG, 7,--Effect of contaminated aperture 
in CL system on the extent of electron 
tails; count totals represent FWHM inte- 
grated area for Au La peak with thick 
gold washer used for specimen. 
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prevent any excitation by BSEs. Spectra were acquired with the beam on a thin edge of a 
silicon grain, with the sample tilted first at 20° and then at 35°. Counting times were 
used that yielded identical integrated intensities in the Si Ka peak. Results are shown in 
Figs. 8(a) (20° tilt) and 8(b) (35° tilt). Both spectra clearly show the presence of a 

Cu Ka peak with no evidence of the Cu La peak, which indicates that the copper is x-ray 
fluoresced, In addition, the higher tilt angle of Fig. 8(b) produced a more intense cop- 
per peak. As shown in Fig. 8(d), the bremsstrahlung intensity is peaked in the forward 
scattering direction. Higher tilt angles cause the bulk copper of the grid to intersect 

a higher flux of bremsstrahlung intensity.3» This test, therefore, shows that there is a 
significant effect of bremsstrahlung radiation at large distances (500 um in this case) 
from the analysis point, since silicon characteristic x rays do not excite copper. 
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FIG. 8,--Effect of sample-generated fluorescence in model specimens: (a) crushed grain of 
silicon on carbon film over beryllium grid, 10um-thick copper slot grid with 1000um central 
hole placed below specimen, sample tilted to 20°; (b) same sample as (a) but tilted to 355.5 
with increase in copper peak relative to (a) due to interception of higher intensity brems- 
strahlung by specimen at higher tilt angle; (c) thin gold film on beryllium grid replacing 
silicon crushed grain specimen in (a), with increase in copper by Au Lo. (Copper slot grid 
in above tests coated with graphite to preclude fluorescence by electrons). (d) Schematic 
of distribution of bremsstrahlung and characteristic x-ray intensity at 100 kV (after Gold- 
stein and Williams’). 


A similar sample was prepared by replacing the silicon crushed grain specimen with a 
SOnm-thick film of gold. Figure 8(c) shows the resulting spectrum. The much greater Cu Ka 
signal here was due both to excitation of the copper grid by bremsstrahlung radiation and by 
the Au La characteristic x rays, which efficiently excite Cu Ka x rays. 
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This example serves to point out that specimen self-fluorescence by x rays can be a 
severe problem in ion-thinned or electropolished specimens. Bremsstrahlung fluorescence of 
bulk regions of the sample can be minimized by use of the lowest tilt angles possible, a 
condition that favors intermediate and, especially, high-angle detector configurations. 
However, since characteristic x rays are emitted isotropically, fluoresence of bulk sam- 
ple areas by these x rays cannot be prevented, Both effects clearly depend greatly on the 
nature of the sample being analyzed, For example, it would be difficult, if not impossible, 
to analyze small particles or grains in an ion-thinned foil for elements that are present in 
large amounts in the bulk matrix.’ Such analyses would require that the particles of in- 
terest be extracted from the matrix so that the bulk of the specimen is removed and the 
self-fluorescence effects are minimized. 


Example of a Typical Particle Analysts. An example of the deleterious effect of sample 
self-fluorescence is illustrated in Fig. 9. An ion-thinned, low alloy steel containing 
equiaxed MnS inclusions was prepared.!?’ The MnS inclusions typically thinned faster than 
the steel matrix, and several electron-transparent inclusions that clearly penetrated the 
entire foil thickness could be found. The MnS inclusions usually exhibited a central core 
particle which showed microstructural differences from the bulk of the inclusion. Figure 
9(a) is a secondary-electron image of a MnS inclusion, with the central core particle 
clearly visible. 
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FIG, 9.--Example of continuum fluorescence of ion-thinned sample, MnS inclusions in steel: 
(a) SEI micrograph of ion-thinned MnS inclusion in steel matrix; (b) spectrum from central 
core of inclusion (point 1); (c) spectrum from bulk of inclusion (point 2); (d) spectrum 
from thin edge of steel matrix. 
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A spectrum from the core particle of the Mn$ inclusion, acquired at point 1 of Fig. 
9(a), is shown in Fig. 9(>), This spectrum shows that the core is rich in iron, but man- 
ganese and sulfur are also present. Figure 9(c), the spectrum from the MnS inclusion away 
from the core particle (point 2), shows high manganese and sulfur, but a significant iron 
peak is also present. For comparison, Fig. 9(d) is a spectrum obtained from an electron- 
transparent edge of the steel matrix. 

The only spectrum in this example not markedly affected by specimen-induced fluores- 
cence is that of the steel matrix (Fig. 9d). Since there is little bulk of manganese in 
the specimen, there is probably little contribution to the small manganese peak due to flu- 
orescence of manganese by Fe Koa or bremsstrahlung x rays. However, the manganese and sulfur 
peaks seen in Fig. 9(b) could easily have resulted from the strong fluorescence effect of 
Fe Ka x rays from the core particle on the surrounding manganese and sulfur in the inclus- 
ion, Similarly, the iron present in the spectrum from the MnS inclusion away from the core 
particle could have resulted from bremsstrahlung excitation of the large bulk of iron in 
the foil itself, since characteristic x rays from manganese and sulfur will not excite 
Fe Ka. Some contribution to these spectra from backscattered electrons is also possible, 
but the primary mechanism appears to be x-ray fluorescence. 

This example illustrates the difficulty encountered in determining the composition of 
small particles in a bulk matrix. Such analyses always give ambiguous results, unless the 
particles can be extracted from the matrix. 


Conelustons 


We conclude that: 

1. The in-hole spectrum of a properly modified AEM can be effectively reduced to nil, 
even for a worst case specimen, which eliminates the necessity for subtracting hole counts 
from sample spectra. 

2. Systems peaks generated by radiation originating from the specimen can be minimized, 
chiefly by replacing or shielding of sample chamber components with low-atomic-number ma- 
terials. In general, it is probably not necessary to utilize expensive materials such as 
beryllium for many of the sample-chamber modifications. An aluminum specimen rod, for ex- 
ample, equipped with a graphite specimen holder will not produce an Al Ka systems peak. 
This should be true for both single-tilt and double-tilt specimen rods, although only a 
single-tilt rod has thus far been tested. 

3. Sample self-fluorescence is a major problem that complicates both quantitative and 
qualitative analyses in specimens with a large bulk of material near the point of analysis. 
It is simply not possible to avoid the generation of x rays from buik specimen areas by 
characteristic x rays, bremsstrahlung, or backscattered electrons. The effects of sample 
self-fluorescence can only be avoided by analyses of crushed grains, extracted particles, 
or thin films. 
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QUANTIFICATION OF ENERGY-DISPERSIVE SPECTRA FROM THIN-FOIL SPECIMENS 
D. B. Williams, J. I. Goldstein, and J. R. Michael 


A major driving force for the development of the analytical electron microscope (AEM) 
was that the quantification procedure for the x-ray energy-dispersive spectrometer (EDS) 
output obtained from thin specimens should be simple in comparison with the process for 
bulk specimens, because in many cases, the absorption and fluorescence corrections that 
are required when bulk specimens are analyzed can be ignored. The degree to which this 
assumption is justified, the methods used for quantification, and current limits to the 
quantification process are discussed in this article. The article is tutorial in nature, 
but in the rapidly changing AEM field, opinions on the best method to perform certain 
operations vary substantially, as reflected in the amount of discussion in the sections 
below. Current extraneous problems that still exist concerning x-ray analysis in the 
AEM, such as spurious x-ray signals entering the detector and artifacts introduced 
during specimen preparation, are discussed elsewhere in this volume by Allard’ and 
Fraser,” respectively. 


Seleetton of Expertmental Parameters 


Prior to quantitative x-ray analysis in the AEM, there are a number of instrumental 
variables that can be optimized to insure that, for example, quantification is accurate, 
or that the best conditions exist for detecting trace element segregation. As described 
by Statham in this volume,* x-ray counting statistics may be the limiting factor in 
quantification. Therefore, it is essential to maximize the count rate of the charac- 
teristic x rays of interest. However, the time to acquire the x-ray counts must also 
be short enough to insure that specimen drift or contamination does not degrade the 
desired spatial resolution. Spatial resolution is optimized by small probes and thin 
specimens, conditions that are exactly the opposite of those required to generate high 
count rates. In general, therefore, a compromise experimental set-up is often required 
by which reasonably accurate quantification (about +5% relative accuracy) can be achieved 
at a reasonable spatial resolution (about 10-30 nm). 

The quantification process, as we shall see, requires acquisition of the maximum 
characteristic x-ray intensity above the continuum background. Therefore, the peak-to- 
background ratio (P/B) should be maximized along with the absolute count rate. As a rule 
of thumb, the total x-ray count rate over the whole of the energy spectrum (up to Eo, 
the accelerating voltage) should not exceed about 3000 counts per second, since the x-ray 
detector resolution may be impaired. Even in thin foil specimens using small probes, 
this count rate can often be achieved in modern AEMs, so caution is required. Under 
these circumstances the count rate in a small peak may be so low that long times (300- 
S00 s) may be required to accumulate sufficient counts for quantification. Then spatial 
resolution may be lost, and it is more than ever essential to insure that the AEM is 
optimized for x-ray analysis. The relevant instrumental variables over which the 
operator has control will now be discussed. 


Choice of Accelerating Voltage. Several theoretical treatments (e.g., Joy and Maher *) 
predict that P/B increases with voltage but there is a lack of conclusive experimental 
evidence for it. However, there is no evidence that P/B decreases with increasing 
voltage, and given that the gun brightness (A m ’sr ') is a linear function of Eo, there 
is good reason to operate at the highest voltage available, particularly if the number of 


The authors are at Lehigh University (Department of Metallurgy & Materials Engineer- 
ing), Bethlehem, PA 18015. The support of NASA Grant NGR 39-007-043 (DBW and JIG) and 
an INCO research fellowship (JRM) is acknowledged. 


21 


generated x-ray counts is a limiting factor. The fact that spatial resolution also 
improves with voltage is an added advantage. 


Choice of Electron Gun. The choice for the average user is between a conventional W 
hairpin filament and a LaBg gun. The latter is brighter by a factor of about 10 at 
100 kV, but substantially more expensive. However, if properly operated and maintained, 
a Single LaBg source will operate for many months compared with the several days commonly 
obtained from a W hairpin. The relatively poor brightness of the W gun can be offset 
partially by the fact that operation at emission currents of 100 WA or more is not 
unreasonable for short periods of time, if a reduced filament life is acceptable. How- 
ever, operating a LaBg gun much above 10UA emission may result in premature breakdown. 
(This difference in emission current does not totally offset the inherent brightness 
difference, since the probe diameter formed by a LaBg source is at least half that from 
a W source.) In a multi-user laboratory/teaching institution such as ours we still find 
it more practical to operate with a W filament, and have rarely encountered x-ray 
Statistical limitations in our microanalyses. However, few of the problems we address 
require working at the lowest sensitivity, levels where the W gun would be a limiting 
factor. The field-emission gun as an alternative source is expensive, requires ultrahigh- 
vacuum conditions, and is available in very few laboratories. But in situations where the 
highest spatial resolution in both images and microanalysis is demanded, and minimum 
detectability problems are encountered, it is the best electron source to uSe. 


Chotce of Probe Parameters. Besides emission current, which is a function of the gun, 
the operator has a choice of the probe size (Ci lens strength) and the probe convergence 
angle 24, (C1 aperture size). The current in the probe at the specimen can be varied over 
two orders of magnitude depending on the probe size (Fig. 1). If spatial resolution is 
a secondary consideration then a large probe size will minimize any x-ray count problems. 
Similarly, an increase in the value of 20, increases the probe current (Fig. 2) for a 
fixed probe size. In theory probe size is independent of 20,, but in practice spherical 
aberration at very high 2a, values may result in loss of resolution. In routine operations 
we use a Cp aperture about 70 um in diameter, which gives a probe current of about 10 /° A 
at a probe diameter of 10 nm. This configuration gives both adequate image resolution and 
good x-ray statistics. 


EDS Vartables, The EDS detector itself has a fixed geometry with respect to active 
area (about 30 mm*) and take-off angle (0°, 20° or about 70°, depending on the specific 
instrument). The solid angle is usually maximized, again to maximize the number of 
detected x-ray photons, by being placed as close (within about 15 mm) to the specimen as 
possible. The detector can be backed off mechanically if the count rate is too high, or 
if it is considered that extraneous radiation (e.g., backscattered electrons or hard 
x rays from the illumination system) is penetrating the collimator.°® Attention should 
be given to the choice of spectral display variables, in particular the energy range of 
the display on the multichannel analyzer (MCA) and the experimental counting time. The 
former should always be as large as possible (at least 40 keV) in the case of an unknown 
specimen, where the existence of K and L lines above 10 keV may be essential in initial 
qualitative analysis (e.g., as shown in Fig. 3, it is possible to distinguish between 
Mo and S L/K overlap at 2.3 keV by observation of the Mo Ka line at 17.5 keV). Selection 
of the desired energy range for analysis should then maximize the resolution of the dis- 
play to about 5-10 eV/channel if all the peaks of interest can still be displayed in the 
1024 available channels. If the specimen is known, the appropriate energy range can of 
course be selected immediately. 

Counting time is important insofar as it should be minimized to reduce the effects of 
contamination, specimen drift, and elemental volatilization (in the case of Na and other 
mobile species). This limitation must be counterbalanced by the need to acquire enough 
counts for acceptable errors. 


Measurement of X-ray Peak and Background Intensities 


The only experimental information that is required for quantification of the EDS 
spectrum are the characteristic peak intensities In, Ip, etc., of the elements of 
interest. As dicussed in the following section these values can then be converted 
directly into values of the wt.% of each element Ca, Cp, etc., or corrected for absorp- 
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FIG. 2.--Variation of probe current in 

| Philips EM400T TEM/STEM as function of C2 
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(C; setting) (courtesy Norelco Reporter). 


| FIG. 3.--EDS spectrum from inclusion in 

2% Cr-1 Mo pressure vessel steel. The poor 
resolution of EDS cannot distinguish between 
S and Mo at 2.3 keV (a). However, observa- 
tion of spectrum out to 20 keV (b) de- 

| monstrates that Mo is present. 
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tion, etc., where necessary. The determination of the characteristic intensity requires 
first that the continuuum background (bremsstrahlung) radiation contribution to the peak 
be removed. This procedure can be carried out by one of several methods, depending on 

the degree of sophistication of the available computer hardware. A full description of 
the methods of determining the peak and background intensities has been given elsewhere. ° 
In this section we shall deal only with three representative methods of varying sophistica- 
tion; two require computer curve-fitting and the other uses windows on the MCA display to 
select specific regions of peaks and equivalent regions of the background. 

In current EDS/MCA systems the background intensity variation is usually accounted 
for in one of two ways. In the first, the detected intensity variation is described 
mathematically as originally proposed by Kramer’ and then modified by taking into account 
absorption in the detector. The second method assumes that the background intensity 
variation is a "smooth" function compared with the rapidly changing intensity in the 
characteristic peak. The application of a digital filter to the spectrum then removes 
any background without substantially affecting the superimposed characteristic peaks. 

Once the background is removed by either method, the characteristic peak intensity is 
obtained, again by one of two methods. The first method involves generation of Gaussian 
peaks and fitting them to the experimental peaks. In the second method, the experimental 
peaks are compared with library peaks obtained from reference standards. Both these 
methods can handle complex multielement spectra, and are essential when peak overlap 
occurs. Figure 4 shows the MCA display when x-ray peaks and the background intensity 

are determined in this manner. More advanced methods for handling peak overlap, and 
minimizing the resultant errors, are still evolving; progress will continue as mini- 
computer capabilities increase. 

If the x-ray spectrum obtained is relatively simple (i.e., peak overlaps do not 
occur) and the continuum background is not changing rapidly (> 2 kV) then quantifica- 
tion can be achieved with an acceptable degree of accuracy (about +5% relative) by the 
method of defining the characteristic peak area with a "window" in the spectrum. The 
windows available on a MCA display should select equivalent (i.e., same number of 
channels) regions of both the characteristic peaks, including background and a "typical" 
region of background, as shown in Fig. 5. (This approach is clearly not possible if 
peak overlap occurs.) When counts are integrated in this manner the optimal window 
width to maximize the peak counts and minimize background counts is about 1.2 FWHM. 
This arrangement gives the best sensitivity. If the selected peak contains sufficient 
counts and the background intensity is not varying rapidly with energy, then this 
process is more than adequate for obtaining I, and Ip for subsequent quantification. 
In our experience, data obtained by both curve-fitting and spectral-window techniques 
are identical, within the experimental error, in many routine analysis situations. The 
advantages of the more sophisticated curve-fitting procedures are that data processing 
is more rapid, multielement spectra can be easily handled, and peak overlaps present no 
barrier to quantification. 
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Quantt fication of X-ray Data 


i. Ratto Method. Once x-ray spectra are obtained from the desired regions of the 
specimen, the values of I, and Ip can be converted to values of Ca and Cp by either a 
ratio method or thin film standards. The former method is more widespread and will be 
discussed in detail, along with the necessary corrections when absorption and fluores- 
cence are significant. 

In electron-transparent thin films, electrons lose only a small fraction of their 
energy in the film. In addition, few electrons are backscattered and the trajectory of 
the electrons can be assumed to be the same as the thickness t of the specimen film. 
Under these circumstances the generated characteristic x-ray intensity I,* for element 
A can be given by a simplified formula: 


I,* = const. C Ae 


A QnA at/Ay (1) 


where C, is the weight fraction of element A; w, is the fluorescence yield for the K. L, 
or M characteristic x-ray line of interest; Qa is the ionization cross section (the 
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FIG. 4.--EDS spectrum from precipitate in 
Al-4% Cu showing Cu La, Ka, K8, and Al K 


peaks on slowly changing continuum background 


(a). Use of digital filter and library 
standard peaks permits removal and full 
integration of any combination of peaks, 
e.g., (b) Cu La, Al K, (c) Al K, Cu Kao KB, 
and (d) Cu La Ko KB. 


the Be window, gold surface layer, and silicon dead layer. 


FIG. 5.--Cu Ka peak showing window select- 
ing about 1.2 FWHM of gross peak (P). 
Windows selecting equivalent portions of 
background (B) on either side of peak are 
selected, averaged, and subtracted from P 
to give net integrated intensity in peak. 


probability per unit path length of an 
electron of a given energy causing ioniza- 
tion of a particular K, L, or M shell of 
an atom A in the specimen); aq is the 
fraction of the total K, L, or M line 
intensity that is measured; and A, is the 
atomic weight of A. In Eq. (1) only Qn 
varies with Eo. 

If we assume that the analyzed film is 
"infinitely" thin, the effects of x-ray 
absorption and fluorescence can be 
neglected, and the generated x-ray inten- 
sity and the x-ray intensity leaving the 
film are identical. (This assumption 
is known as the thin-film criterion: we 
shall discuss its validity in later 
sections.) However, the measured intensity 
I, from the EDS spectrum may be different 
from the generated intensity I,* because 
as mentioned the generated x rays may be 
absorbed as they enter the EDS detector in 
Therefore the measured 


intensity is related to the generated intensity by 


= * 
T= U,%€, (2a) 
where 
€, = exp f-u/ols 0, X,.] * exp [-u o|4 X, ] ° exp [-u/p |S Das kas] (2b) 
A Be’ Be Be Au Au Au Si’Si Si 
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and U/p, P, and X are respectively the appropriate mass absorption coefficients of 
element A in Be, Au, and Si; the densities of Be, Au, and Si; and the thicknesses of 
the Be window, the gold surface layer, and the silicon dead layer. 

From Eqs. (1) and (2), it appears that the composition of element A in an analyzed 
region can be obtained simply by measurement of the x-ray intensity I, and by calculation 
of the constant and other terms. In practice, however, that is not easy because many 
of the geometric factors and constants cannot be obtained exactly. In addition, the 
specimen thickness varies from point to point, which makes continual measurement of t 
inconvenient. 

If the x-ray intensity I), Ip of two elements A and B can be measured simultaneously, 
the procedure for obtaining the concentrations of element A and B can be greatly 
simplified. If one combines Eqs. (1) and (2) to calculate the intensity ratio I)/I, 
the following relationship for the concentration ratio Ca/Cp is obtained: 


Cy (Qua/A) , ° € I 


Cc, {(Qua/A Ey * a (3) 


al 
> 


In this case the constants and the film thickness t drop out of the equation and the 
mass concentration ratio is directly related to the intensity ratio. The term in the 
brackets of Eq. (3) is a constant at a given operating voltage and is referred to as the 
kan factor or Cliff-Lorimer factor. Equation (3) is usually given in a simplified form 
as: 


C,/Cp = kag * Ty/Ta (4) 


This relationship was developed and applied initially by Cliff and Lorimer’? using an 


EDS detector. The Cliff-Lorimer ratio method has gained great popularity due to its 
simplicity. (It must be borne in mind however that the technique is based on the 
assumption of the thin-film criterion.) 


In a binary system, using Eq. (4) we can determine Cy and C. independently since: 


Ge Cee I (5) 


In ternary and higher order systems the intensities of all the elements whose mass con- 
centrations are unknown must be measured. A series of intensity ratio equations (like 
Eq. 4) are used in combination with an equation which sums all the mass concentrations 
to unity (like Eq. 5) to determine the mass concentration of each element. 

The ratio method is often referred to as a standardless technique. However this 
description is strictly true only when kag is determined by calculation of the Q, w, 
etc., factors given in Eq. (3). More often the kap factor is determined using standards 
where the concentrations Cy, Cp, etc., are known. In this case the characteristic x-ray 
intensities are measured and the Cliff-Lorimer kap factors are determined directly from 
Eq. (4). The standards approach is often more accurate, particularly because €, and €p 
vary from one instrument to another and as we have observed may vary even in a single 
instrument over a period of time. 

By convention kap factors are compared to Si, i.e., tabulation usually occurs as 


kag; > kgsgj, etc., and the values are called k factors. The relationship between k 
factors and kag factors is given by 
Kasi Ky 
ye Ra Ie (8) 
BSi B 
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Until recently the only comprehensive range of measured k factors for Ka lines of a 
number of elements were reported by Cliff and Lorimer’? and Lorimer et al.}* These 
results were obtained with an EMMA-4 analytical instrument which has a relatively large 
probe size (about 107 nm). Limited work has been carried out on modern analytical 
instruments’? but most reported results refer to a single Kap determination for a system 
of interest to the investigator. 

Recently two sets of k factors have been measured.’*’*° Figure 6 shows a selection of 
k factor measurements of Wood et al.'* plotted as a function of Ka characteristic x-ray 
energy. The measurements of k were made with a Philips EM400T AEM operated at 120 kV. 

The values of kas; are all close to 1.0 except for Mg and Na. Figure 7 shows experimental 
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FIG. 6.--Variation of experimentally determined k factors with characteristic x-ray energy 
for selection of elements studied. Operating voltage 120 kV; k factors are relative to 
Si. Error bars represent 95% confidence limits. 


Kap factors where element B is iron.’® We consider it more useful for the metallurgist 


to display the k factors in this manner because of the large number of common metals that 
can be alloyed in a convenient, homogeneous manner with the transition metals. Direct 
determination of karg is then possible and few interpolations are required. By contrast 
many interpolations are required to obtain kas; because convenient metallurgical standards 
often cannot be fabricated. The measurement errors approach +1% relative in a few 
selected cases. More typically, measurement errors are in the range + 1 to + 4%. 

Since the measurement of the concentration Ca is directly related to the kag factor (see 
Eq. 4), the accuracy of the ratio method is limited to the error in the measurement of 
Kap- 

‘a For most analyses it is not possible to use these measured and tabulated k factors, 
since the characteristics of EDS detectors vary from one instrument to another. Also 
many k factors, particularly for L and M lines, have not been measured and operating 
voltages other than 100 or 120 kV are used. Therefore it is often advisable for the 
analyst to measure the ncessary kap factors directly. In many cases well-characterized 
alloys or stoichiometric oxides containing the elements of interest are available. When 
direct kan factor measurement is not possible the analyst must resort to using the 
standardless ratio method and calculate kag factors directly. 

To calculate kap directly, the various terms in the brackets of Eq. (3) must be 
obtained. Figure 8 shows a comparison between measured and calculated k factors for K 
lines at a 120 kV operating potential.** In this case the Green-Cosslett ionization cross 
section’’ Qx was chosen. Values of wx were taken from the fitted We values of Bambynek 
et al.?® with use of the Burhop equation. ?? The values of a and u/p were obtained from 
Heinrich et al.”° and Heinrch,?? respectively. The EDS detector parameters as suggested 
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by Zaluzec** were Xp, = 7.6 um (0.3 mil), Yay = 0.02 um and X,. = 0.1 um. 

From Fig. 8 it is clear that above Si the calculated and experimental values follow 
the same trend, increasing with increasing Koa energy. It is not possible to explain the 
differences between the calculated and measured values shown in Figure 8 with certainty 
but it appears that errors in the calculation of the ionization cross section may be 
largely responsible. 

Other expressions for Q, are available. In general the formula for K shell cross 
section Q can be written in the form:?° 


Q = const (1/EoE,) In(C,E/E,) |) 
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FIG. 7.--Variation of experimentally determined 

k factors with characteristic x-ray energy for 
selection of elements studied. Operating voltage 
120 kV; k factors are relative to Fe. Error 
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FIG. 8.--Comparison of experimental 
results in Fig. 6 with calculated 
k factors at 120 kV. Error bars 
represent 95% confidence limits. 


where Ex is the binding energy of electrons in the K shell. The parameter Cy, is different 
for different models of the ionization cross section. The values of Cy in Eq. (7) are 
2.42, 1.0, and 0.65 for Q Mott-Massey,7* Q Green-Cosslett!’ and Q Bethe-Powell.7° 
Zaluzec** uses a form of Q in which Cy varies with Ex. Schreiber and Wims'’ used measured 
kag values to back-calculate a best-fit ionization cross section. Maher et al.*° show 
that the uncertainties in using the Mott-Massey vs the Zaluzec modified Q equations lead 
to an error in the calculated kag of less than about 15%. Goldstein et al.*° report a 
Similar uncertainty when comparing calculated kap values using the cross sections of Mott- 
Massey, Green-Cosslett, and Bethe-Powell. 

Until more accurate measurements of Qy in the 100-200 kV range are made, inaccuracies 
in kag for Ka lines will remain in the range of 10 to 15%. These errors are much larger 
than those currently obtained for measured kag factors. The differences in the values of 
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ionization cross sections for L and M lines are much larger than those for Qy. Therefore, 
calculated compositions using L and M lines have correspondingly larger errors. 


it. Effects of Absorptton. The thin-film criterion states that the effects of x-ray 
absorption and luorescence can be neglected. Both Tixier and Philibert*’ and Goldstein 
et al.*° have given criteria by which it can be determined whether the thin-film approxi- 
mation has broken down and an absorption correction must be made. Both thin-film criteria 
give the film thickness at which the intensity ratio I,/Ip is altered by more than 10% from 
the ratio obtained from an infinitely thin film (Eq. 3). 

The arbitrary assumption that absorption is only significant if I,/Ip is changed by 
more than + 10% was justified originally, because that was the level of accuracy with 
which kag factors and the values of I, and Ip could be experimentally determined. With 
recent improvements in STEM electron optics and the development of clean specimen en- 
vironments, measurements of kag factors and of Ia and Ip can be made more accurately. 

As we have already discussed kap factors can be routinely determined with an error of 
between +1-4%. Given this accuracy, the arbitrary definition of significant absorption 
should be lowered accordingly to <+5%, and perhaps as low as +1%. Such a new definition 
of significant absorption will reduce the thickness of specimens required to avoid 
absorption corrections, in many cases to small values (e.g., < 10 nm in NiAl), difficult 
to obtain in practice. Thus the accuracy of the absorption correction process becomes 
more critical. 

In order to correct for absorption, the kap factor can be modified by a correction 
factor (CF) due to preferential absorption of one of the measured x-ray lines from 
element A or B. 

Based on the original work of Tixier and Philibert*’ and of Konig,?® Goldstein et 
al.*° have derived an equation to correct the kap factor: 


t 
ic >, (et) exp [-1/0| gore cosec a(ot)] dt 


t 
| >, (et) exp [-1/0 | Sorc cosec a(pt)] dt 
0 


where $, p(pt) is the depth distribution of x-ray production from element A or B as a 
function’ of specimen density p and_measured film thickness t, and a is the x-ray take-off 
angle. The terms W/P bese and u/0| Boece are the mass absorption coefficients of character- 
istic x rays of element k and B in the specimen. 

On the assumption that o,(pt) = Qg( t) = 1 (i.e., x-ray production is uniform 
throughout the specimen), the integrals in Eq. (8) can be evaluated to give: 


A B 
W/O lope 1 - exp[-W/P| core cosec a(pt) | 


caanee | Ae ee ie a (9) 
Welepee 1 - «expl-H/P lope cosec aft) ] 


To apply the correction factor CF for absorption to kap the values of u/o, a, p, and t 
must be accurately known. The following sections discuss the limitations in the applica- 
tion of Eq. (9) and make some suggestions for minimizing the correction. 


Mass Absorptton Coefftctent. Values of the mass absorption coefficient are accurately 


known from earlier studies of x-ray absorption, and may be obtained from any one of sever- 
al sets of tables available in the literature.*?’'*° It is worth noting here that when 
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Wola = EC (u/)s is computed for any given system, every component i in that 
1 


system has to be included even if the x rays from certain elements are not detected by 
conventional EDS, Significant absorption of x rays from elements Na through Si can 
occur if oxygen, nitrogen, or carbon are present in substantial amounts. Clearly when 
thin window or windowless EDS systems are available, consideration of absorption by 
(and absorption of xrays from) elements Z = 6 and above will be more important. 


o(pt). The depth distribution of x-ray production $(pt) is usually assumed to be 
constant throughout the thin film, but it is by no means certain that this is a valid 
assumption in all materials. For example, Kyser*° has calculated that in 400 nm of Cu 
and Au, $(pt) should increase by 5% and 20%, respectively, thus indicating that Eq. (8) 
(and therefore Eq. 9) are not valid descriptions of any absorption correction involving 
these elements, in foils of this thickness. Recently, Stenton et al.*! have experi- 
mentally determined $(pt) for up to 380 nm of Ni and found that at 120 kV the assumption 
of a constant value of ${pt) is only valid up to about 80 nm. Above this value $(pt) 
increases up to about 30% at 380 nm. These experimental data were greater than the 10% 
increase predicted up to 400 nm in Monte Carlo techniques at 120 kV.*? Both these data 
are shown in Fig. 9. However, until more $(pt) data are available, Eq. (9) should be 
used, but with the understanding that, particularly for Z > 25, the assumption of a con- 
stant (pt) may be incorrect at most reasonable specimen thicknesses, whicn significantly 
affects the value of any absorption-corrected kag FACTOR. If an increase in (pt) is 
not taken into account then Eq. (9) will overcompensate for absorption. 
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X-ray production as a function * ABSORPTION 
of mass thickness at 120 kV DISTANCE 
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Stenton et al.*? and calculated FIG, 10.--Ideal specimen configuration 
by Monte Carlo techniques by assumed in absorption calculations showing 
Newbury.°* Also shown are data effect of differing take-off angle a on 
reported by Kyser*° for Cu at absorption path length. 
100 kV. 


The X-ray Path Length--t cosee 4. If one assumes a parallel-sided thin foil of thick- 
ness t, with the primary beam at normal incidence, the x-ray path length through the 
specimen is t cosec a, where a is the x-ray detector take-off angle (Fig. 10). Clearly 
the higher the a the shorter the path length and the less the absorption correction for 
a given thickness. Since the variation in correction factor as a function of a changes 
rapidly around 20° and below, ’* the value of a should be known accurately for any data 
taken in this configuration. 

Measurement of t is a major problem in correcting for absorption. Several ways are 
reported in the literature, none universally applicable and accurate. The contamination 
spot separation method first used by Lorimer et al.** is applicable if contamination can 
be generated. However, the accuracy of this technique has been called into question on 
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several occasions.**’*°?3® Stenton et al.*) carried out contamination spot separation 
Measurements on evaporated thin films and compared the data with interfermotery measure- 
ments. Errors of 50-200% were reported, with the contamination spots invariably over- 
estimating the thickness and thus causing an overcorrection in any absorption calcula- 
tion. Rae et al.*® have reported the presence of relatively broad contamination deposits 
beneath the sharp cones that are usually apparent on the specimen, and describe the over- 
all configuration as that of a "witch's hat" (Fig. lla). By comparison with Fig. 11(b), 
which is the generally assumed morphology from which measurements are made, it is easy 

to see the reason for overestimation. This effect is clearly demonstrated in Fig. 1l(c), 
which shows contamination spots deposited above and below a grain boundary.*? The faintly 
visible boundary fringe contrast does not intercept the top and bottom contamination 
deposits. Errors associated with this measurement technqiue may also contribute to any 
overcorrection observed in data that have been adjusted for absorption. 


contamination 
“ deposits 


actual thin measured 
thickness foil thickness 2 
(a) 
actual measured 
thickness thickness 
(b) 


FIG. 11.--Schematic diagram of (a) proposed morphology of the contamination deposits 
that would account for overestimation of thickness often observed in the use of tech- 
nique, (b) morphology of contamination deposits apparently observed in AEM and used to 
measure thickness, (c) TEM image of contamination deposits placed along grain boundary 
in Cu showing discrepancy between boundary fringe position and apparent base of 
contamination deposits. 


The second most generally applied method is that of measuring the spacing of the 
Kossel-Mollenstedt fringes in convergent-beam diffraction patterns.?”’ This method 
often requires a double-tilt holder to set up the correct diffraction conditions with a 
symmetrical fringe pattern inside the hkl disk. Also, a minimum of three dark fringes 
on each side of the central bright fringe must be present, since a straight-line inter- 
polation is used to measure t, unless the extinction distance €g is known, This pro- 
cedure results in a lower limit for thickness determination; the range of applicabilty 
of the technique has been examined in detail by Allen.** The required conditions are 
not always easy to obtain in practice at precisely the region of interest; to make the 
technique practical, a low-background double-tilt holder and contamination-free instru- 
ment are required such that data acquisition and thickness determination can be carried 
out concurrently. 
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Alternative methods of thickness determiantion are invariably less universal. For 
example, under two beam conditions, the extinction distance &g can be calculated*? and 
then thickness can be determined by counting observed thickness fringes. However, these 
fringes are not always discernible since they depend on the foil geometry. Also micro- 
analysis should not be performed under two-beam conditions because of possible anomalous 
X-ray generation. The relative transmission of electrons is useful for amorphous 
specimen studies and Joy and Maher! have also reported its use for crystalline 
materials. This use requires careful calibration of transmitted currents with a Faraday 
cage, and is clearly a function of diffracting conditions, Other techniques such as the 
latex ball method** or projected width of planar defects “3 are limited in the their general 
applicability. The measurement of the relative heights of the zero loss and first 
plasmon loss peaks in an electron energy loss spectrum** requires that the plasmon mean 
free path be known; information that may not be available for many multicomponent 
practial materials. 

In summary, the determination of the thickness t of a parallel-sided specimen is a 
most uncertain factor in the application of the absorption correction in thin film micro- 
analysis. 


Spectmen Geometry. The assumption, implied in all the preceding discussion, that the 
specimen is a parallel-sided thin film (Fig. 10) is rarely if ever achieved in practical 
x-ray microanalysis because of the way in which materials specimens are characteristically 
produced. Twin-jet electropolishing or ion-beam thinning both give rise to a wedge 
shaped specimen (Fig. 12), which complicates the situation considerably. As first 
pointed out by Glitz et al."5 it is essential to know (a) the configuration of the EDS 
detector with respect to the specimen, and (b) the exact specimen dimensions in the plane 
parallel to the axis of the detector. If the specimen is of a simple geometry (constant 
wedge angle) then the correction is 
relatively trivial, but that is ELECTRON X-RAYS 
rarely the case and more generally, 
the situation can be quite complex 
(Fig. 12). Clearly under these 
circumstances the specimen must 
be homogeneous, not only through 
thickness (as is invariably assumed 
in all analytical electron micro- 
scopy), but also along the path 
length for absorption. Ina 
multiphase specimen, any inter- 
faces should be aligned parallel 


ABSORPTION 


to the EDS detector axis, a DISTANCE 
requirement that is facilitated 

by a tilt rotation holder (pre- FIG. 12,--Wedge sample cross section showing how 
ferably a low-background one, if absorption path length may vary as a function 
available). The specimen geometry of specimen geometry and detector position with 


problem may be minimized by use of respect to specimen. 

thin flake specimens prepared by 

window polishing and sandwiched between Be grids. The specimen wedge angle is usually 
smaller than for a self-supporting disk. (These specimens have an added advantage in 
that they minimize spurious effects due to stray radiation.) High take-off angle 
detectors (beyond 20°) are essential, as has long been recognized in the microprobe field, 
where absorption is invariably present. 


Speetmen Density (0. The specimen density is a function of composition and any absorp- 
tion correction procedure is an iterative process in which an approximate density and u/p 
value are assumed prior to the determination of Ca and Cp. When these values are de- 
termined, the corrected values should be used in a second iteration, and so on until a 
self-consistent result is obtained. The density of a particular phase is not always a 
linear function of composition and in such cases the variation must be known accurately. 

In summary, most of the factors currently employed in the standard absorption correc- 
tion equation are not accurately known and can contribute to significant errors in 
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quantification. Specifically, thickness determination and specimen geometry are critical 
factors; they probably cause the largest error at present, As these factors are deter- 
mined more accurately, any variation in $(pt) will become more significant and will have 
to be accounted for. Perhaps the most useful approach to minimizing the absorption 
correction will be to develop better methods for thinning specimens so that the specimen 
thickness and the effect of absorption will be decreased and the thin specimen region 
will be fairly uniform in thickness. 


tit. Effects of Fluorescence. When element A can be excited by continuum x radiation 
or by characteristic x-ray lines of element B in the foil, a fluorescence correction may 
be necessary. Philibert and Tixier*® have found that continuum fluorescence is negligible 
and that characteristic fluorescence will be negligible if u/e | Bore * ot << 1.0. Tixier*’ 
has stated that the characteristic fluorescence correction is small if 1/0 leone * 0G <705d. 


A correction for characteristic fluorescence of element A by element B in thin films 
has been developed by Philibert and Tixier:*® 


E 
B Bo. KA 
t (Ay/Ag) H/Pl, * B/PlopEc ae 


(pt)? (10) 
A A 


where ie is the fluorescence intensity which is added to the primary intensity I,, ra is 
is the absorption jump ratio for element A, AA and Ap are the atomic weights of elements 
A and B, and Exa and Exp are the critical excitation energies for the characteristic K 
lines of elements A and B. 

Another formulation for the characteristic fluorescence correction has been developed 
by Nockolds et al.*® using the K shell ionization cross sections of Green and Cosslett:?’ 


I r, - l E In (E/E 
: A B KA OO KB ot 
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(11) 


It is important to note that the model of Tixier*’ predicts a t”? variation, whereas the 
model of Nockolds et al.*® predicts a t log t enhancement due to fluorescence. The be- 
havior of the two models is very different for thin (< 200 nm-thick) specimens and the 
Nockolds et al. expression indicates a much larger effect of fluorescence for thin speci- 
mens. It is difficult to determine which of these models is more correct experimentally 
because accurate measurements of t must be made (which as we have already seen is a 
problem), fluorescence effects coming from extraneous x rays generated in the column 
must be removed, and well-characterized, appropriate samples must be available. To date 
suitable experimental data are not available to detail the effects of fluorescence. 


tv. Thin-film Standards. An alternative to the ratio method employs thin-film 
standards. As discussed by Zaluzec,**® in the thin-film approximation the absolute in- 
tensity of element A, measured in an unknown specimen Ix, relative to the absolute 


intensity of the same x-ray line in a thin-film standard 19 is given by an equation of 
the. form: 


U U 

I, (n pt Cc.) 

SS ae eS (12) 
TA (n pt Cy) 
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where n, p, t, and Cy are respectively the absolute electron flux, specimen density, 
thickness, and concentration in the standard S or the unknown U. In this case neither 
Kap or €, values need be calculated. Unfortunately one must know n, pe, and t for both 
standard and unknown and have a standard for each element measured in the unknown. As 
discussed previously, accurate measurements of t are difficult to make. In this case t 
must be measured for both the unknown and for all the standards. These disadvantages are 
so serious that this technique has seen little practical use. Recently Brown et aco 
have used pure-element Al, Mo, and Ni standards to determine the composition of B-NiAl 
and 6-NiMo alloys. Besides difficulties in preparing pure-metal standards, changes in 
beam current lead to instabilities in the absolute electron flux. Unless standards 
preparation become easier and thickness measurements become more accurate the thin film 
standards technique will not be employed widely. The ratio method will continue to be 
employed by the vast majority of AEM users. 


Limits of Microanalysis 


It is pertinent to ask what the limits of EDS microanalysis are; specifically, with 
what accuracy can the average composition be determined and what is the minimum mass 
fraction (wt.%) that may be determined? 

If x-ray counting statistics obey Gaussian behavior, at the 20 confidence level, 
the relative error in the number of counts I is 2(I) # x 100%. Since the Cliff-Lorimer 
relation (Eq. 4) uses the x-ray ratio I,/Ip, the relative error for this ratio is the sum 
of the relative errors for I, and Ip, and the total relative error in Ca/Cg for any one 
measurement is the sum of theerrors for I,, Ip, and kag. As we have seen kap may be 
determined experimentally with an accuracy between 1% and 4%. For a minimum of 10 
counts in each characteristic peak I, Ip, the total error is 5-8%, which is still high 
in comparison with bulk x-ray microanalysis errors. Still more accurate kap factors 
and as many accumulated counts as possible (concomitant with maintaining resolution) are 
required if accuracy in Ca/Cp is to be better than 5%. 

The only theoretical approach to determination of the minimum mass fraction (MMF) 
was described by Joy and Maher’ who predicted values of 0.2 + % 3 wt.% for species of 
Z= 15 - 40 in a Si matrix depending on the microscope conditions. 

Assuming Gaussian statistics (which is debatable at small peak intensities) MMF of 
element A in a matrix of B may be given by*® 


A i 
3(21,)* 
MMP 2: se (13) 


where ie is the continuum background for element A. This equation shows that the MMF 
decreases as the characteristic counts or peak-to-background increase, To increase the 
counts one can use larger probe sizes, brighter electron sources, and moderately thick 
foils if high spatial resolution is not required. Optimization of the AEM is therefore 
essential if the MMF limit is to be approached; the considerations outlined in the first 
section of this article should be followed. Recent work in our laboratory by Michael*! 
using a Philips EM400T AEM, where count times are not limited by carbon contamination, 
has demonstrated that about 0.3 wt.% Mn can be detected in Cu by counting for about 

300 s with a 10nm probe to accumulate over 10° counts. Extrapolation of these data by 
using Eq. (13) indicates that given sufficient counts, the MMF can approach about 0.1 wt.% 
with a tungsten filament. High-brightness guns should improve the detectability limits 
accordingly. 


Conelustons 


Quantitative x-ray microanalysis in the AEM can be routinely performed by the ratio 
method with an accuracy of about +5%. True standardless microanalysis based on calculated 
kag factors is significantly less accurate, and severe practical difficulties exist for 
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Microanalysis based on thin-film standards. Correction for absorption is possible but 
complicated by several factors of which the most prominent is the difficulty of accurate 
thickness determination. The fluorescence correction need rarely be applied and there is 
still uncertainty concerning the best correction to use. The MMF is significantly less 
than 1%, but depends on instrumental parameters over which the operator has control. 
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A COMPARISON OF TWO MODELS FOR THE CHARACTERISTIC X-RAY FLUORESCENCE CORRECTION 
IN THIN-FOIL ANALYSIS 


M. E. Twigg and H. L. Fraser 


It has recently become apparent that there are two alternative formulations for the contri- 
bution of characteristic x-ray fluorescence in thin foils.! The formula of Philibert and 
Tixier*>3 predicts considerably less characteristic fluoresence than that of Nockolds et al.’ 
The source of discrepancy between these two results lies in mathematical execution rather 
than in any differences due to assumptions inherent in either model. Whereas the computa- 
tions of Nockholds et al. appear to be carried out correctly, those of Philibert and Tixier 
do not. Errors in computation account for a difference of approximately three orders of 
magnitude; dissimilarities in formulation cause these two results to differ by less than a 
factor of two. Though it also appears from these considerations that Philibert and Tixier's 
equation for continuum fluorescence is incorrect, we shall confine our attention in this pa- 
per to characteristic fluorescence. 


The Model of Philtbert and Tixter 


Let us first consider the model proposed by Philibert and Tixier. They considered a 
thin foil of mass thickness t that is composed of elements A and B. The critical energy Eq 
of element A is less than the energy of the K® line of element B. As a result, the KB X-ray 
line is capable of fluorescing the Ka line; furthermore the Kg line can also fluoresce the 
KK line. It is assumed that the x rays generated by B can be regarded as originating from 
a point source in the middle of a foil of thickness t, as shown in Fig. 1. The total in- 
tensity of Kp x rays (both KR and Kp lines as well as other Kp lines) are assigned an inten- 
sity Ip. There are 4n steradians to a sphere; hence the x-ray intensity per steradian is 
Ip/4n. Assuming the geometry expressed in Fig. 1, the intensity of x rays not yet absorbed 
by the sample and directed at an angle ® and a distance z sec 6 from the origin of the radi- 
ation source is 


I. “pz sec ) ELECTRON 
dip = Gy 27sin 6 dée (1) BEAM 


t 
where up is the coefficient for the absorption ; | 
of KR by the sample. One hopes KB is close | 
enough to the KB so that up adequately approx- 
imates the absorption of Kg as well. | 

From the weight fraction C, of element A | 
within the foil and the coefficient uf for | 
mass-absorption of K§ radiation by element A, 
we know that the probability for a given KB 
xX ray ionizing an atom of atomic species A in 
a volume of mass thickness dz is Caup sec 0 
dz. For a K, absorption edge characterized by 
a jump ratio ra, the probability that a given 
ionization is that of the K, shell is (ry, - t 
1)/r,x. Therefore, assuming a fluorescent 2 
yield wa, and a partition coefficient a, for 
the relative intensity of the KX line within 
the K, series, the probability that a given FIG, 1.--Geometry for characteristic x-ray 

fluorescence model of Philibert and Tixier;? 
point P indicates the position of x-ray source. 


The authors are with the Department of Metallurgy and Mining and the Materials Research 
Laboratory, University of Illinois, Urbana, IL 61801. 


37 


K§ photon is absorbed by a differential volume of mass thickness dz and subsequently gives 

rise to Kx photon is | 

“A A 

ee a 
tr AB 


If He does not vary significantly from the mass absorption coefficient for absorption 
of c or the other lines of the Kg series by element A, Eq. (2) is valid for all Kp radia- 
tion. The differential intensity of the contribution of the characteristic fluorescence of 
the Kq line is then 


pA 


BT aya sec § dz (2) 


f (40°28 
di, = di, PA eee 
. 'B ‘ see Cae g.8 tan 6 dé dz (3) 
ey as ey r 


A 


We are, of course, interested in how the intensity of the contribution of characteris- 
tic fluoresence to the KK line compares with the intensity of this line due to electron ir- 
radiation of the sample. We know from Eq. (3) how the fluorescent contribution to the Kj 
line compares with the Kp intensity; we only need to establish the relationship between the 
KA and Kp intensities, which we can do via the Cliff-Lorimer? relationship. That is, 


ey eee (4) 


where Q, and Qp are the cross sections for K-shell ionization, and A, and Ap are the atomic 
weights. Therefore, from Eqs. (3) and (4), we can deduce that 


d] C Q, A, r - 1 -lpz sec 6 
W SLE re e . tan 6 dé dz (5) 
BQ A, B 


ea veret 
Ie 2 7 


A 

If we were interested in a more exact calculation, we would employ a more recent version 

of the x-ray cross section, such as that of Zaluzec.® For our purposes, however, let us re- 
gard Qa as proportional to U, In Ug, where Ua is the overvoltage for element A. That is, 

Un = E/E, (6) 
where E is the energy of the incident electron beam and Eq is the critical voltage for ioni- 
zation of A's K shell. For such values of this cross section, we find that Eq. (5) can as- 
sume the form 


£ 

di, CR A,UR ln Up tT, - 1 A 7Hpz sec i) 

oT oe aU. in U,. oe Be pe ee tee a 
A BA A A 


In order to obtain the ratio it/Ip from the differential element described in Eq. (7), 
we must integrate over the volume illustrated in Fig. 1. Obviously, we can regard the foil 
in two sections, one on top of the Kp source (0 < z < t/2) and one underneath the Kp source 
(0 > z > -t/2). The fluorescent radiation generated in the top section is of the same in- 
tensity as that generated in the bottom, so that the total intensity of the fluorescent con- 
tribution to kK is 


f£ 
a ; ae A,UR ln Up Ty - 1 A i ; ore . “HZ sec couse ; 
I 2 BAU In UA a B "9 0 


A BA 
“Up sec 8 
=2n/f dzf dde tan @ (8) 
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where C A 


nA vo Aaa 3 Up A cas (9) 
B Agva in Uy B a 
Through the substitution u = sec @, Fq, (8) can be recast in the form, 
z- 3 2nf dzf du (10) 
A ) 1 
The nth exponential integral is defined as’ 
go avat 
E64) = dt (11) 
so that Eq. (10) can also be expressed as 
i t/2 
== 2nf dz Ey (up,2) (12) 
A 0 
Because of the following algorithm, the integral in Eq. (12) is easy to evaluate: 
d 
a E(x) Ss -E s(x) (13) 


The value of the nth exponential integral with zero as an argument is also simply calcu- 
lated. That is (for n > 1), 
1 


E (0) = ——> (14) 
From Eqs. (13) and (14), Eq. (12) can be reduced to 
f 
I t/2 
A _ -2n 2n 
Fo TE (gz) | = [1 - Ep (ugt/2)] (15) 
I, Up 2. 1g Up B 
The nth exponential integral can also be expressed as an infinite series. That is, 
n-1 oo m 
ps Ss eee emits at) beens .. 
EC) a = [-In z + ¥(n)J - ae Gea ecal (16) 
mén-1 
n-l 1 
where ¥(m) = -y + 2 m and y = 0.5772. If we use the algorithm in Eq. (16) for small val- 
m=1 


ues of z (i.e., small thicknesses), we find that 
Eo(z) = 1 - z [0.4228 + (z/2) - in z] (17) 
so that Eq. (15) can take the form 


I 2n Hee 
TPT «E12 + up (t/4) - In(upt)] = nt [1.12 + up (t/4) - In(upt)] (18) 
B 


By evaluating n via Eq. (9) and substituting this expression in Eq. (18), we find that the 
fraction of the fluorescent contribution to the KX intensity is 


I A,U, In U, 2, - 1 upt 
Fo pg Sa (2 + eg (t/4) - Ing] (19) 
i, BB Apu, ln Uy Ty B B 
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Philibert and Tixier's version of this equation is, however, 


4 


£ 
= = 2u pC TAL AA LA t2 (20) 
"AB 


where va and vg are the frequencies of the KX and KM radiation. If we were to assume, as 
did Philibert and Tixier, that In U, does not differ significantly from In Up, and observe 
that Up/U, = Va/vp, we would cast Eq. (19) in the form 


B 


> 


A r,- 1A, vy upt 
a Catt a ee a + up(t/4) - In(ugt)] (21) 


Even with these assumptions, Eq. (21) differs significantly from Eq. (19). This difference 
is primarily due to Philibert and Tixier's integration of Eq. (5). Their integration of 
Eq. (5) was of the form, 


t/2 T “UpZ sec ) 
= 4n f dz f d§e tan 6 (22) 
A =t/2 0 


In comparing Eq. (22) with Eq. (8), we see that Philibert and Tixier's formula is in- 
correct. If it were Philibert and Tixier's intent to choose limits of integration that 
would include the entire specimen, we would expect the constant coefficient in front of the 
integral to be n rather than 4n. The limits of integration employed in Eq. (22) are, how- 
ever, also incorrect. This choice of limits allows the absorption factor e BZ sec 6 to be 
greater than one when z > 0 and 1/2 < 6 < 7, or when z < 0 and 0 < @ < t/2. This outcome 
is, of course, impossible, since a positive value of this factor would call for generation 
of Kp radiation where there should be absorption. Furthermore, within the range m/2 < 0 <7, 
the integrand is negative, which would imply that for certain directions, the x-ray inten- 
sity due to characteristic fluorescence is negative, which is certainly unphysical. 

In order to illustrate the discrepancy between Philibert and Tixier's formulation (Eq. 
20) and our correction (Eq. 21), let us calculate the characteristic fluorescence ratio for 
a case considered by Philibert and Tixier.*»? They considered a 500A foil composed of 95 
wt.% nickel and 5 wt.% iron. Because the critical excitation energy of Fe is less than the 
KNi energy, Fe atoms would be fluoresced by Ky; radiation; hence we would be interested in 
the characteristic fluorescence of Fe. Philibert and TIxier employed the following para- 
meters in_their calculation: wyjy = 0.385, rpe = 8.13, Ape = 55.847 g/mole, Ayy = 58.71 
g/mole, uyf = 384 cm*/g, uyi = 74.3 cm?/g, Epg = 7.110 kV, Eyj = 8.330 kV, and t = 4.42 x 
10-° g/cm“. For this system, Philibert and Tixier then found that Eq. (20) yielded the 
value 


a= 9700 x10"? (23) 


which is certainly insignificant. Our version of Philibert and Tixier's formula, which em- 
ploys Eq. (21), yields the value, 
f£ 


lee 
—— = 1,51 x 1072 (24) 


Tie 


Though still small, our version is different from that obtained by Philibert and Tixier 
by about three orders of magnitude. For thicker samples, we might expect that the charac- 
teristic fluorescence would make a significant contribution to the KP, peak. For a 500A 
foil of the composition described, about 10% of the kK}, intensity would be due to the char- 
acteristic fluorescence according to one formulation, Even for a sample of such thickness, 
Philibert and Tixier's formula would predict a contribution of only 0.2%. 
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ite Model of Nockolds et al, 


A recent paper of Nockolds et al.* success- 
fully corrected for characteristic fluorescence 
in thin film x-ray microanalysis. They recog- 
nized that for thin foils, the x-ray generation 
due to direct electron radiation could occur 
with equal likelihood at any point along a 
straight line defined by the electron beam 
within the sample. With the geometry illus- 
trated in Fig. 2, Eq. (7) can be integrated as 


ELECTRON 
BEAM 


4 t s 1/2 “Hp2 sec 0 
7s ns ds [f dz f doe tan 9 
A t 9 0 0 
| t-s 1/2 “Hp2 sec 8 
aS ES dé e tan 6} (25) 


0 0 
ye where s is the position of the Kp x-ray source 
FIG, 2.--Geometry for characteristic y-ray that is uniformly distributed from zero to t 
fluorescence model of Nockolds et al. along the z-axis. Again we make the substitu- 
tution u = sec @ and find that Eq. (25) can be expressed in terms of the exponential in- 
tegral defined in Eq. (11). That is, 


£ 
Ir, i t Ss t-s 
Tos fds [ f dz Ey(ugz) +S dz Ey (ug2)] (26) 


From Eqs. (13) and (14) we see that 


I t 
oe ie fds [2 - Eg (us) - Eaug(t - s)] = 7. {1+ (I/tp J[Es(ugt) - 1/2]} (27) 


From Eq. (16), we find that for small z, E3(z) can be expressed as, 


1 22 
E3(z) = 7 ae as xz [0.923 - in z] (28) 
Therefore, 
th 
pat [0.923 - In(u,t)] (29) 
B 
A 
Employing the definition of n from Eq. (9), we find that 
f£ A 
I Ae Udy Uva, = be 
T= Spy Re OTH FP (10-923 - Ing] (50) 
A BA A A 
Coneluston 


For the Ni-5 wt.% Fe foil of 500 A thickness discussed by Philibert and Tixier, the for- 
mula of Nockolds et al. (Eq. 30) calculates Ix/I,y as 1.38 x 10-2. Though this result does 
not differ significantly from our evaluation of Philibert and Tixier's geometry via Eq. 
(21), it is much greater than the value predicted by Philibert and Tixier's calculation as 
expressed by Fq. (20). Nockolds et al. have shown that their formula is supported by x-ray 
microanalysis of Fe-10,5 wt.% Cr foils for thicknesses ranging from 200 to 7000 RK. These 
data do not, however, support Philibert and Tixier's equation. On the other hand, the re- 
sults of a similar experiment, conducted by Tixier et al., on Fe-17.3 wt.% Cr foils, tend 
to support the negligible contribution of characteristic fluorescence predicted by Philibert 


HI 


and Tixier's equation. From these conflicting results, no definitiye judgment can be drawn 
on the yalidity of the formula of Nockolds et al. As for the equation of Philibert and 
Tixier, it clearly suffers from weaknesses in the mathematical execution of a fairly well- 
formulated model. At least these weaknesses are not apparent in the derivation followed 
by Nockolds et al. 
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PRINCIPLES AND PRACTICE OF QUANTITATIVE ELECTRON ENERGY-LOSS SPECTROSCOPY 


R. F. Egerton 


Now that electron spectrometers are commercially available for attachment to a transmission 
electron microscope, electron energy-loss spectroscopy (EELS) is beginning to take its 
place among the arsenal of techniques for microanalysis with high spatial resolution. The 
aim of this tutorial paper is to discuss how the spectrometer can be used most efficiently, 
and to review some problems in interpretation of energy-loss spectra and methods for 
obtaining quantitative information on elemental concentrations. 

Three important parameters in EELS microanalysis are: the energy resolution AE in 
the energy-loss spectrum, the diameter d of the region being analyzed, and the angular 
range a (measured relative to the optic axis, directly after transmission through the 
specimen) of electrons allowed into the spectrometer (Fig. 1). In fact, these three 
quantities are each interrelated; nevertheless, we shall consider them in turn, to the 
extent possible. 


«—— ELECTRON 7 


SOURCE Achtevitng Good Energy Resolutton 


AE itself depends on several factors that are 
papeNER GR at least partly under the control of the experimenter: 
PROBE-FORMING optics of the spectrometer and of pre-spectrometer 
ue? lenses, the geometry of the electron detector, and 
the type of electron source. 


fi a SPECIMEN 
Poot a. Focusing the Energy-loss Spectrum. The first 


(ERE SPECTROMETERS requirement for good energy resolution is that the 
LENSES electron spectrometer be "focused"; i.e., that to 
first order, its image plane coincides with the 
ELECTRON detector slit (for serial data collection) or with 


as the detector itself (in the case of parallel-recording 

SPECTRUM devices). One could accomplish such focusing by 

physically moving the detector assembly toward or 

->-— away from the spectrometer, but fine adjustments are 

more easily done electrically. Spectrometers that 
are attached to a CTEM column but operate with the 
projector lens turned off are fine-focused by varia- 
tions in the intermediate-lens current (and therefore 
. in the height of the spectrometer object plane SO; 
see Fig. 1). On the other hand, spectrometers that operate with the projector lens on 
(and with the projector crossover as their object plane) must be provided with their own 
means of focusing, for example a weak lens built into the entrance region of the spectro- 
meter. It may be necessary to readjust spectrometer focus if the projector-lens current 
is varied (e.g., to achieve very low magnifications on the viewing screen). 

Spectrometer focusing is normally done (with or without a specimen in place) by rapid 
scanning through the zero-loss peak and adjustment of the latter for maximum height and 
minimum width (Fig. 2b). The resulting energy width at one-half of the peak height (the 
so-called FWHM) is usually quoted as the energy resolution AE. In practice, AE is not 
constant throughout the spectrum but increases with energy loss owing to the increasing 


ELECTRON SPECTROMETER 
FIG. 1.--Typical EELS system; lens 
column can be either conventional 
or scanning transmission microscope. 
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angular width of the inelastic scattering. 


FIG. 2.--Change in shape of zero-loss peak as spectrum is focused (a and 6) and as 
detector slit is widened (b through d). 


b. Spectrometer Alignment. Occasionally, a spectrometer may need to be re-aligned-- 
for example, if the alignment of the microscope itself has altered. Re-alignment is done 
mechanically or by deflection coils built into the spectrometer. One can optimize this 
alignment by observing the width of the zero-loss peak or the shape of the small aberra- 
tion figure produced at the image plane of the spectrometer. In a more convenient 
approach, one rocks the entrance beam at the spectrometer object plane SO (e.g., by 
energizing the STEM scanning coils of the microscope), and displays the detector signal 
as a function of rocking angle on a cathode-ray tube (e.g., the STEM-image display 
screen). The resulting "alignment figure" is brought to the center of the screen and 
made aS symmetrical as possible. In aberration-corrected spectrometers, the alignment 
figure is expanded in area as much as possible by adjustment of the aberration-correction 
fine controls. An angle-limiting aperture (objective aperture or spectrometer entrance 
aperture) can then be inserted and aligned for minimum AE (and maximum signal) by 
centering of its outline around the center of the alignment figure.’ 

Many spectrometers are now fitted with stray-field compensation controls which inject 
a mains-frequency current (of variable phase and amplitude) into the spectrometer excita- 
tion coils. Such controls can also be set by use of the alignment figure (by insuring that 
its edges are smooth rather than sinusoidally modulated), or else by observation of a low- 
loss portion of the energy-loss spectrum and adjusting for minimum "ripple" (Fig. 3). 


c. Setting the Slit Width (for Serial Recording). In most current EELS systems, the 
spectrum is acquired sequentially into some form of electronic memory by scanning of the 
spectrometer exit beam across a stationary slit. If the slit is too wide, energy resolu- 
tion is sacrificed (i.e., AE is undesirably large); if too narrow, the detected signal 
(and hence signal/noise ratio) becomes unacceptably low. A useful compromise is achieved 
by decrease of the slit width until the height of the zero-loss peak is reduced by a 
factor of about two (Fig. 2b). 


d. Choice of Lens Conditions. The energy resolution attainable from an electron 
spectrometer also depends on the excitation of any electron lenses that follow the 
specimen. These postspecimen lenses may be used to present a magnified or demagnified 
image of the specimen at the spectrometer object plane SO; or alternatively to present 
a diffraction pattern of the specimen (or, at least, the central spot) at the spectro- 
meter object plane. The two possibilities have previously been termed "image (or spot) 
mode" and "diffraction mode," respectively.?73 However, these terms can lead to mis- 
understanding in the case of spectrometers mounted beneath a CTEM column and which use 
the projector-lens crossover as their object plane; the spectrometer is then working in 
"diffraction mode" when the CTEM column itself is in "image mode" (i.e., produces an 
image of the specimen at the CTEM screen), and vice versa! So to avoid confusion, we 
shall refer to the lenses as providing either image coupling or diffraction coupling to 
the spectrometer. 

Dtffractton coupling is the condition normally employed in the Technics model-5 
spectrometer and in some earlier JEOL designs. With the projector lens turned off, a 
diffraction pattern of camera length equal to a few millimeters is provided by SO, 
which lies approximately at the level of the viewing screen. Acceptable energy 


by 


resolution is obtained if the collection 
semi-angle a (determined by an objective 
aperture) is kept below about 10 mrad, in 
order to avoid an unduly large object size 
at SO. 

Diffraction coupling exists also for 
spectrometers that use a projector-lens 
crossover as the object point (e.g., Gatan 
model 607 or the spectrometer supplied with 
a JEM-1200), provtded an image of the speci- 
men is present at the level of the CTEM 
screen. Utilization of both the objective 
and projector lenses results in a much 
smaller camera length, given by L ~ w/M,. 
where w is the height of the projector 
polepiece above the viewing screen and M,. 
is the image magnification at the screen. 

A large collection angle (limited by the 
angular acceptance of the objective lens, 
typically 100-200 mrad) is therefore 
possible, without the spectrometer object 
size (and therefore AE) becoming excessive. 
A penalty with this arrangement is that the 
diameter d of the analyzed area must be kept 
reasonably small (e.g., below 10 um), other- 
wise AE may become excessive due to spectro- 
meter aberrations; however, this is not 
really a restriction in most microanalysis 
situations. 

Image coupling occurs for those spectro- 
meters mentioned in the previous paragraph, 
when a diffraction pattern is placed at 
screen level or if the objective excitation 
is increased so as to operate the column in 
STEM mode. The value of a is then limited by 


the spectrometer entrance aperture (at or just 


below the level of the CTEM screen); the 
maximum value is about 10 mrad for a Iimn- 
diameter aperture and camera length Ly, = 
5 cm at the viewing screen. 


e. Energy spread of the electron 
source. Even with an ideal spectrometer 
and other parameters optimized, energy 
resolution is ultimately limited by the 
energy spread of electrons coming from the 
source, about 1.5 eV for a tungsten fila- 
ment, about 1 eV for LaBe, and 0.5 eV or 
less for a cold field-emission source. 
energy spread of a thermal source can be 
reduced somewhat by operation at a lower 
temperature, but at the expense of consid- 
erably reduced beam current. Of course LaBg 
and (particularly) field-emission sources 
have higher electron-optical brightness, 
which helps in the attainment of high spatial 
resolution. 


The 
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FIG. 3.--(a) Zero-loss and first-plasmon 
peaks of aluminum recorded with scan time 
of about 1 s, in presence of considerable 


mains-frequency interference; (b) same 
spectrum recorded with ac compensation 
circuit adjusted for minimum ripple 
(FWHM of zero-loss peak = 1.8 eV); 

(c) details of stray-field compensation 
circuit. 


2. Choice of Spatial Resolution 


Chemical information is often required on as fine a scale as possible, which implies 
a small value for the diameter d of the analyzed area. In addition, since most specimens 
are not uniformly thin, a small value of d makes it easier to find suitable regions that 
have sufficiently small thickness for successful EELS analysis. (For low background to 
the characteristic edges, the thickness should be less than the total inelastic mean free 
path, which for 100keV incident electrons and a typical sample is in the range 50-100 nm.) 

However, choice of too small a value of d may introduce problems. If the area being 
analyzed is defined by the incident beam itself (as in STEM mode), the high current den- 
sity associated with a very small incident probe increases the risk of hydrocarbon con- 
tamination and (in beam-sensitive materials) of radiation damage. Contamination is more 
serious in EELS than in x-ray microanalysis, since it increases the background throughout 
the spectrum and introduces a carbon K-edge at 285 eV, which may interfere with nearby 
edges being analyzed. 

If, on the other hand, the area of analysis is defined by means of an area-selecting 
aperture, too small an aperture reduces the available signal and makes the spectrum 
noisy. A further complication with selected-area methods arises as a result of chromatic 
aberration. If CTEM selected-area apertures are used in the standard way (the objective 
lens focused such that both specimen and aperture are in focus on the viewing screen), 
electrons that have undergone a substantial energy loss E brought to focus at a plane 
which is higher by an amount C.E/Eo, where C, is the chromatic-aberration constant of the 
objective lens and Eo the incident energy. This shift limits the possible spatial 
resolution to a value of about OC .E/Eo, which is 200 nm in a typical case (a = 10 mrad, 
Ce ~ 2 mm, E = 1000 eV, Eo = 100 keV). Fortunately, this problem is avoidable; the 
objective-lens current is simply reduced by a fraction C,E/2Eof (i.e., by 0.05% for each 
100 eV of energy loss, if f =~ C, = 2mm, Ep = 100 keV) in order to restore the image to 
the correct plane. If the spectrum is acquired serially, this restoration could be 
achieved by the application of a suitable fraction of the spectrometer ramp voltage to 
the lens power supply. (Similar considerations apply to the use of a spectrometer 
entrance aperture as the area-selecting device; the chromatic effect of lenses which 
follow the objective should be negligible in comparison.) Correction for objective-lens 
chromatic aberration also improves the energy resolution AE. : 

The ultimate spatial resolution for energy-loss analysis (obtainable only with a very 
small incident probe or via energy-filtered CTEM imaging) is limited by spherical 
aberration of the probe- forming or objective lens, by angular spreading of the beam,° 
and by localization effects’ (or, for higher energy losses, by diffraction "at"! the 
objective aperture). A resolution below 1 nm has been claimed experimentally. ° 
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8. Chotce of Collection Angle 


As previously mentioned, it is necessary with some spectrometer systems to restrict 
the collection angle in order to achieve satisfactory energy resolution. In fact, one 
gains some inherent advantage in using a small value of a: it tends to minimize the 
intensity of the background in the energy-loss spectrum, relative to that of the 
characteristic edges. 29510 Furthermore, if very high spatial resolution is desired, 

a restricted value of a may be necessary to avoid the effects of beam spreading.’ 

But there are some compensating advantages to choosing a large value of a: one may 
avoid possible complications in quantitation (see below) and improve the signal/noise 
ratio in the recorded spectrum, as a result of the higher collected signal. 

The "best" value of a therefore depends on the specimen, the instrumentation, and 
the experimental aims and conditions. For quantitative microanalysis, it is useful 
to record spectra with at least two values of a; comparison of the results then provides 
a valuable means of checking the quantitation method and the experimental procedure. 


4. Speetrum Acquisttion 


For spectrum storage in some form of multichannel analyzer, parameters under the 
control of the operator are: total acquisition time, number of scans of the spectrometer 
(for serial collection) or of the detector (in the case of diode-array systems), and the 
number of storage channels employed. 
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With a low-noise electron detector (e.g., a suitably chosen scintillator and photo- 
multiplier tube), the main noise component in the spectrum is shot noise (due to Poisson 
statistics of the arriving electrons), which is proportional to s*%, where s represents 
the. accumulated signal per channel. Thus, the signal-to-noise ratio is proportional to 
s/s2 = 3%, which in turn is proportional to (incident-beam current < acquisition time) 2. 
Lower noise level is therefore achieved by increasing the incident current or the 
acquisition time. Incident current is limited by the capabilities of the electron 
source and by specimen heating; exposure time is limited by the stability of the micro- 
scope and spectrometer power supplies and by the patience of the operator. The product 
(current X time) may also be limited by hydrocarbon contamination of the specimen or (in 
beam-sensitive samples) by radiation damage. In practice, exposure times within the 
range 20-200 s are typical for serial-collection systems. 

With serial acquisition, there is normally no difference in signal/noise ratio between 
a spectrum obtained by scanning of the spectrometer once and an accumulated spectrum 
obtained from several faster scans, provided the total detection time is the same. But 
for diode-array detectors, where readout noise can be significant, there zs some advantage 
in the use of only a single exposure and readout. 

Spectra are commonly acquired into 1024 channels; each channel represents an energy 
increment of about 1 eV, which gives a useful range of about 1000 eV in energy loss. If 
the energy resolution amounts to several eV (e.g., as a result of using a wide detector 
slit to increase the signal), the resulting spectrum has been "oversampled," which 
results in a higher noise content and no better energy resolution than if, say, half the 
number of channels had been used. In extreme cases, this additional noise may cause 
difficulties with background fitting,? though it could be removed by digital smoothing.?? 

In order to compress the dynamic range of the stored data, a detector-gain change is 
often introduced during serial acquisition. In a photomultiplier detector, one can 
achieve this compression by increasing the voltage applied to the tube at some suitable 
point during the scan, possibly accompanied by a change to pulse counting rather than 
digitization by a voltage-to-frequency or analog-to-digital converter. 


5. Spectrum Processing 


a. Energy Caltbration. Due to drift of the high voltage or spectrometer power 
supplies, the position of the zero-loss peak in the recorded spectrum may vary. But 
the E-axis sensitivity (1.e., eV/channel) usually remains constant and can be found by 
recording of the spectrum of a standard specimen with known edge energies.? 

Therefore routine calibration need only involve locating the zero-loss peak and 
instructing the microprocessor which controls the spectrum display to label the energy 
axis accordingly. Location of the zero-loss channel can either be done by eye or by a 
small segment of software which locates the first maximum in the data, ignoring background 
no1se. 


b. E-axts Linearity. The simplest way of scanning the energy-loss spectrum is to 
vary the induction B within a magnetic spectrometer by means of a linear current ramp. 
Since the detector slit remains stationary, the selected electron orbit (within the 
magnetic field) has a constant radius R given by: 


mv 2 


“Ro Bev (1) 


where v is the electron velocity, e is the electronic charge, and m is the relativistic 
electron mass. This equation can be rewritten in terms of the electron rest energy E), 
and the kinetic energy (Eo - E) of electrons which enter the detector: 


Ee (= 7 es l (2) 
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where c is the velocity of light in vacuum. Because this relationship between B and E 
is not a linear one, there must be some nonlinearity in the energy-loss axis, even if 
changes in B are strictly proportional to the scan current. Differentiation of Eq. (2) 
shows that: 


-2 
E + Eg - E 
iS oc 1 - SS) (3) 


(Fig. 4a) and allows the E-axis nonlinearity to be estimated (Fig. 4b). For Ep = 100 keV, 
the predicted change in eV/channel is less than 0.4% per 1000 eV of energy loss. All the 
same, this change can amount to several eV, which may be 
significant for the measurement of chemical shift of an 
ionization edge; a solution is to calibrate the axis 
using a standard whose known ionization edge is similar 
in energy to the edge under investigation. 

We have assumed that the change in magnetic field is 
proportional to scan current, i.e., that hysteresis and 
eddy-current effects are negligible. For spectrometer 
magnets constructed from high-permeability materials, 
this appears to be a good approximation within the middle 
of a scan, but some nonlinearity can be expected at the 
beginning; therefore it is advisable to keep the zero- 
loss peak away from the first few channels (or to start 
the spectrometer scan before that of the multichannel 
analyzer). Likewise, some loss of linearity can be 
anticipated from the use of a "segmented" scan, where 
only parts of the spectrum are sampled or where the 
dwell time per channel is changed during acquisition. 

We can avoid the nonlinearities we have been dis- 
cussing by using a fixed spectrometer excitation and 
scanning the potential of the electron source by an 
amount proportional to the channel advance of the multi- 
channel analyzer. However, this method is inconvenient, 
since it involves high-voltage engineering and tends 
to defocus the incident beam. Scanning via an electri- 
cally isolated drift tube is possible’*’ but a change in 
spectrometer focus has been observed’* in cases where 


FIG. 4.--({a) Range of energy the electron beam enters the spectrometer through a 
loss scanned for given scan small entrance aperture; this observation suggests an 
current (normalized to value appreciable electrostatic lens effect at the entrance 

E = 100 keV) plotted as to the drift tube, which could also make the energy 
function of incident energy E, ; scale nonlinear. 

(b) percentage change in E-axis In the case of parallel detection, the energy scale 
sensitivity over 1000eV range is again slightly nonlinear, this time owing to a 

of energy loss, plotted as func- variation of the dispersive power D with energy loss. 
tion of incident energy. This effect is caused by second-order aberrations, but 


of a different type from those which cause loss of 

energy resolution; therefore, spectrometers which are 
“aberration corrected" to allow a larger range of entrance angles still suffer from this 
nonlinearity. Calculations suggest that for a typical design D will decrease by about 
1% per 1000 eV of energy loss. 


ec. Baekground Subtraction. The background intensity underlying an ionization edge 
is usually assumed to be of the form AE~!, with values of the constants A and r determined 
by measurements within a "fitting region"’ just before the edge. Current software uses 
one of several methods to compute A and r. 


(1) The least-squares method uses standard statistical formulas to obtain the best 
straight-line fit for the logarithm of background intensity plotted as a function of the 
Logarithm of energy loss.*° The formulas assume that the noise level is constant over 
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the fitting region, although this approximation could be removed by use of a weighted 
least-squares fit.’® Systematic errors can occur (owing to the effect on the noise 
distribution of taking the logarithm of intensity) but are only noticeable in the case 
of very noisy data.°°*® In certain cases, the fitting accuracy has been improved by 
including nonlinear (polynomial) terms into the fitting procedure.’”’ The computation 
time is typically 1-20 s, depending on the instrumentation and the width of the fitting 
region. 

(2) An alternative method divides the fitting region into two halves, with A and 
ry obtained from the two areas under the data by means of empirical formulas (Fig. 5). 
These formulas*® are exact only for r = 2, but work surprisingly well up to r = 6 (the 
maximum value expected). Less computation is necessary compared to the least-squares 


FIG. 5.--Change in shape of (from left to right) carbon K-edge, phosphorus L23-edge, and 
calcium Lo3-edge with (from top to bottom) increasingly degraded energy resolution AE 
(shown in eV). Arrow marks position of edge in each case; E-axis sensitivity is 2.5 eV/ 
channel. Edge shapes were taken from Leapman et al.”’ and convoluted with Gaussian 
function of FWHM = AE. 


method, so the algorithm will run in less than 1 s even when programmed in a relatively 
Slow language such as BASIC. 

(3) With values of A and r given by the previous method taken as a first approxima- 
tion, a ravine-search technique has been used to calculate an optimized fit? Aithough 
the computation time is relatively long (about 5 min with FLEXTRAN on a PDP-1105), this 
method could be valuable for situations (e.g., low elemental concentrations) where the 
characteristic edge is only barely discernible above background noise. 


d. Deconvolution Techniques. Plural inelastic scattering increases the background 
level and may introduce extra peaks, particularly with thicker specimens. Its effect 
can be removed from the energy-loss spectrum by appropriate deconvolution, by one of the 


following: 


(1) If one takes the logarithm of the Fourier coefficients of the spectral data 
(followed by an inverse Fourier transform), plural scattering is removed from the entire 
spectrum. 1°??° Before computing the Fourier coefficients, one must remove any gain 
changes between different energy regions, thereby increasing the dynamic range of the 
data. So unless extended-precision arithmetic is employed, the method is more feasible 
for energy losses below about 300 eV, where the range of intensity is more restricted. 
Although the plural-scattering contribution to the background is removed, its associated 
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noise component is left behind. Neverthless, Leapman and Swyt have found that in thicker 
specimens deconvolution can alleviate problems of background fitting for low-lying edges 
and may improve the accuracy of quantitative analysis. 

(2) "Mixed" scattering (i.e., plural scattering involving inner-shell + valence- 
electron excitation) can be removed from a core-loss region if the experimental background 
is first subtracted and the result deconvoluted (e.g., by division of Fourier coeffi- 
cients), with the low-loss region used as a "deconvolution function.'"'72 As in the pre- 
vious method, noise amplification is avoided by use of a reconvolution function?® or by 
replacing of the zero-loss peak by a delta function of equal area.*! (The reconvolution- 
function technique involves a bit more computing but offers the possibility of correcting 
the spectral data for distortion caused by a nonsymmetric resolution function.) The two 
energy regions are normally of equal width, and the electron intensity should (if nec- 
essary) be extrapolated to zero at both ends of each region (Fig. 6). The dynamic range 

: " TLLUSTRATING OECMLTICN «= and the total energy range are usually less 

-. ~~ than with the previous method; the computing 
time 1s typically a few seconds with an 
efficient fast-Fourier-transform algorithm. 

(3) Iterative methods can also be used 
for deconvolution.?3??" The procedure can 
be informative but has the disadvantage of 
being rather slow. 


Generally speaking, deconvolution is 


FIG. 6.--Carbon K-edge followed by calcium more worthwhile in the case of thicker 
L-edge, before (upper trace) and after specimens (t > 0.5 4;, where A. is the 
(lower trace) deconvolution with low-loss total inelastic mean free path), in which 
region. Before deconvolution, valence-loss plural scattering is more severe, or in 
background is subtracted and core-loss the case of EXELFS analysis’®’?®> where 
intensity extrapolated to zero at upper spurious peaks due to mixed scattering must 
end of range. be removed. For thin specimens, the effect 
of deconvolution is relatively small (see 
Fig. 6). 


e. Measurement of Areas tn the Energy-loss Spectrum. Quantitative microanalysis 
involves measuring an "area" (i.e., sum of channel counts) over an well-defined energy 
range A above each ionization-edge energy E, (Fig. 7). First of all, the value of Ex 
must be determined; because of possible chemical shifts and E-axis nonlinearity, that 
is best done from the recorded spectrum rather than from a table of atomic binding 
energies. However, the experimental determination of Ex also involves some uncertainty, 
dependent on the instrumental energy reso- 
lution AE and on the inherent "shape! of 
the edge. K-edges, which are "abrupt" 

(af recorded on an ideal instrument with 
AE = 0), present little difficulty; pro- 


electron oh A . : : 
| fens reas [Tee - Afeval ef" vided the resolution function (i.e., the 
Fe shape of the zero-loss peak) is roughly 
r # 2 log(Iy/1,)/tog(E,/E,) symmetrical, the observed edge profile 
2 (Tet \t-r) (EMEP) becomes progressively less sharp with 
1 cea a ie, increasing AE and the edge energy corres- 


ponds approximately to the channel at which 
the core-less.intensity has risen half way 
toward its maximum value (Fig. 5). But 

for "rounded" edges (e.g., L23-edges of the 
elements Mg through Cl), E, always 
corresponds to a point below the halfway 
mark, whereas for edges that are abrupt and 
sharply peaked just above Ex (e.g., Lo3 edges 
of K, Ca, and Ti), the experimental edge 


FIG. 7.--Schematic energy-loss spectrum, energy lies somewhat above the half way 
illustrating measurement of areas for use point (Fig. :5). 
in quantitation formulas and one method So in practice the determination of 


of background fitting. 
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E, involves some guesswork, which will be more accurate if the shape of the edge is 
known (from calculations?’ or experimental data’*) and if the energy resolution is 
kept as good as possible. 

The edge energy E, is required only for setting the upper limit of integration (to 
an energy Ex + A). The lower limit E, is set somewhat below E, in order to allow for 
the instrumental resolution (Fig. 7). The exact value of E, is not critical, since, 
after subtraction of the background contribution, the resulting inner-shell intensity 
tends rapidly to zero below E,. For convenience, Ey may be set equal to the upper 
limit E of the background-fitting region (Fig. 7). 


f. Quantitation Formulas. If the area Ix(a,A) is measured "directly" from core- 
loss data ({i.e., with the background contribution subtracted but without deconvolution; 
see Fig. 7), the following equation can be used to obtain the "concentration" N of a 
given element: 


I. (as) 
wed. [ck a pene aes (4) 
g(a) (4) 


I,(a,A) is an area measured from the low-loss region of the spectrum (see Fig. 7) and 
Oo, (a,A) is a "partial" ionization cross section for the appropriate shell k (k = K, L, 
etc.) of the element, which can be calculated (see next section). If oO, is in m* per 
atom, the formula gives N in atoms per square meter of specimen. The factor G allows 
for any difference in detector gain between the low- and high-energy regions of the 
spectrum (Fig. 7). 

Equation (4) has been found to be reasonably accurate (410%) provided the integration 
range A is at least 50 eV and the local thickness of the sample is less than the total 
inelastic mean free path (typically 50-100 nm for 100keV primary electrons) . 2 Be ds Bigger 
errors are possible with strongly diffracting crystalline specimens, but are avoided if 
the collection semi-angle a is large: A Connee tron to Eq. (4) is necessary for small 
incident probes of large convergence semi-angle?°, but that is also avoidable if a can 
be made sufficiently large (> 30 mrad). 

If the core-loss region has been deconvoluted to remove mixed scattering, the 
following equation may be used: 


ee [ae] Bese (5) 
G : Ty 0, (a, A) 


"(a,A) is the area under the deconvoluted core-loss data and Ip is the area beneath 
he zero-loss peak. 

Where absolute quantitation is not required, elemental ratios can be obtained from 
either Eq. (4) or Eq. (5). With Eq. (4) used with the same integration range A for 
each edge, Ip(a,A) cancels; therefore the low-energy region of the spectrum need not 
be recorded. If Eq. (5) is used, Io canceis (even if different values of A are used 
for the various edges) but the low-loss region is still needed in order to carry out the 
deconvolution. 


g.- Caleulation of Cross Sections. The partial cross sections required in Eqs. (4) 
and (5) are not found in standard tables but can be calculated (for each element) for the 
particular values of a, A, and Eo used experimentally. Computer programs have been 
written to do this calculation, based either on Hartree-Slater wavefunctions?’ or on a 
hydrogenic approximation.?* The Hartree-Slater method is more exact and can be applied 
to M-, N-, and O-shells of the heavier elements, but the computations are somewhat 
lengthy. The hydrogenic method is probably limited to K- and L-shells, but uses 
analytic formulas; a 100-line Fortran version runs in a few seconds even on a mini- 
computer. Both approaches assume an atomic model (i.e., solid-state effects are 
ignored), so the resulting cross sections are probably not accurate to getter than 10%. 
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h. Overlapping Edges. As in x-ray microanalysis, situations sometimes occur in 
which the characteristic features to be analyzed are sufficiently close in energy so 
that their intensities overlap appreciably. In the energy-loss case, fitting a back- 
ground to the edge of higher energy becomes difficult since the intensity due to the 
"background" (actually the tail of the previous edge) may not follow a smooth AE-T 
dependence, even if plural scattering has been removed by deconvolution. One way around 
this is to fit a background to the first (lower-energy) edge, use a small energy window 
Ay ({< E,2 - E,A) to estimate the concentration NA of the corresponding element (using 
Eq. 4 or 5); then a larger integration range Az (including both edges) to measure the 
concentration NB of the second element, after the cross sections 0,‘‘(a,A2) and 
013 (a, As + EA - E,) have been computed (see Fig. 8a). This procedure has been applied 
successfully to the analysis of TiO, dielectric films (Fig. 8b); its main limitation 
arises from the fact that the background extrapolation must extend over 100 eV or more, 
which increases the possibility of systematic error in subtraction of the background. 
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A DETERMINATION OF SYMMETRY CHANGES IN ORDERED ALLOYS BY CONVERGENT 
BEAM ELECTRON DIFFRACTION 


H. L. Fraser 


A recent paper has described the application of convergent beam electron apemeoiee te to the 
detection of symmetry changes in a meetyetel ized Ni-base superalloy (Udimet 720).* Specif- 
ically, tetragonal distortions of the y' phase (usually considered to possess the Ll» struc- 
ture and based on NigAl) were noted. These authors proposed that this distortion is due to 
ordering of alloying elements on the Ni sublattice, and that the tetragonal form of y' may 
well represent the lowest energy configuration for this phase. One complicating factor in 
their experiments concerns the influence of the coherency strains that are present in y/y' 
alloys (y is the Ni based solid solution). Thus, the sublattice ordering or tetragonality 
may be a result of these strains, and not necessarily an intrinsically stable form of the 
Llo structure. In the present study, attempts have been made to separate out the effect of 
strain by making observations on the one hand on a single crystal of y' alloyed with 7at.% 
Ta, and on the other hand a y' in a euctectic alloy where the phase is subjected to very 
large stresses during thermal processing. Preliminary results are described below. 

Small changes in symmetry are sensitively detected by the form of the higher- Orde laue 
zone (holz) line patterns that are visible in the bright field (000) diffraction disk.2 A 
computer program has been developed that simulates these patterns for the cases of first- 
and second-order Laue zone (folz and solz, respectively) lines for cubic, tetragonal, or 
orthorhombic crystals. The calculation is based on the kinematical approximation, which 
does not permit absolute values of lattice parameters to be derived, but does allow rela- 
tive changes to be determined rather accurately.? In the present work, the dynamical origin 
of the holz lines was accounted for in a crude way. Thus, the "pure" Ni3Al was used as a 
standard where the lattice parameter was assumed to be known (3.56 8) and the effective 
electron energy determined by matching holz lines between experiment and theory with com- 
puter simulation. This electron energy was then used for the other alloyed y' phases, on 
the assumption that the projected potential differences caused by alloying are small. 

In the first experiment, the symmetry of large- grained single-phase Ni3Al has been com- 
pared to that of single crystal Ni3Al alloyed with 7at.% Ta. Convergent-beam electron dif- 
fraction patterns from both materials are shown in Fig. 1. In the case of the unalloyed y' 
(Fig. la), the pattern of folz lines yields a symmetry of 3m, whereas for the Ta alloyed y' 
(Fig. 1b) this pattern symmetry is reduced to m. The computed pattern simulations are shown 
in Figs. 1(c) and (d), and the best fit to the experimental pattern of Fig. 1(b) is given by 
a tetragonality described by c/a = 1.002. The dynamic splitting of some of the lines in 
Fig. 1(b) is not predicted by the kinematical calculations that leads to Fig. 1(d). It is 
reasonable to propose that sublattice ordering of the Ta is responsible for this tetragonal 
distortion. A comparison between the intensities of the 110 superlattice reflections of the 
unalloyed and Ta alloyed y' phases is shown in Fig. 2. It can be seen that in the case of 
the alloyed y', the intensity of the superlattice reflections is considerably reduced, and 
so the difference in scattering factors between the sublattice is diminished. This result 
strongly suggests that the Ta is ordering on the Al sublattice, although a study has not 
been made of other intensity maxima that may result from such ordering. 
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(b) (c) 


FIG, 1.--Experimental and simulated [111] zone axis convergent 
| beam electron diffraction patterns: (a) y'; (b) y' alloyed with 
| 7at.% Ta; (c) simulated pattern corresponding to (a); (d) simu- 
| lated pattern corresponding to (b). Accelerating voltage 120 kV; 
| adjusted wavelength for simulations, = 0.03364 A. 


| FIG. 2.--[111] zone axis 
| convergent beam electron 
| diffraction patterns 
| from y' (left) and y! 
|} alloyed with 7at.% Ta 
| (right). Note the in- 
|  tensities of the 110 
d superlattice reflections. 


The second experiment involves observations of y' in a Ni-Al-Mo eutectic alloy where, 
as a result of directional solidification, rods of a-Mo surrounded by coarse y' are pro- 
duced. The matrix consists of a conventianal y/y' dispersion. During slow cooling from 
elevated temperatures, extremely high stresses are established in both the coarse y' and 
the a-Mo rods because of differences in thermal contraction. The fine y' in the matrix is 
not significantly subjected to such stresses. A comparison of the holz line patterns with 
the electron beam parallel to [114] for the matrix (unstressed) y' and coarse (stressed) 
y' is shown in Fig. 3. Computer simulated patterns are given in Figs. 3 (c) and (d), and 
a reasonable fit is achieved for an orthorhombic distortion given by c/a = 1.002 and c/b = 
0.9953. This distortion may be caused by stress-induced sublattice ordering or simply be 
a result of the elastic stresses caused by differential thermal contraction. It is thought 
more likely to be the former since in thin foils the proximity of the surfaces are likely 
to permit a relaxation of stresses. Further work is in progress aimed at resolving this 
issue. 
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(b) 


(d) 


FIG. 3.--Experimental and simulated [114] zone axis convergent 
beam electron diffraction patterns: (a) matrix y'; (b) coarse 
y'; (c) and (d) computer-simulated patterns corresponding to (a) 
and (b), respectively. Accelerating voltage 120 kV; adjusted 
wavelength for simulations, A = 0.03364 A. 


These results clearly demonstrate that tetragonal distortions of y' may occur in un- 
stressed alloyed y' as well as in crystals that are subject to an imposed stress. 
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J-1.2 
EDS Research Topics 


THE THEORETICAL CHARACTERISTIC TO CONTINUUM RATIO IN ENERGY DISPERSIVE ANALYSIS IN THE 
ANALYTICAL ELECTRON MICROSCOPE 


C. E. Fiori, C. R. Swyt, and J. R. Ellis 


X rays observed by the energy-dispersive detector in the analytical electron microscope 
(AEM) arise from two types of inelastic interactions between fast beam electrons and 
speicmen atoms. In one case a beam electron interacts strongly with a core electron and 
imparts sufficient energy to remove it from the atom. The ejected core electron can have 
any energy up to the beam energy minus the characteristic shell energy. The beam elec- 
tron is depreciated in energy by whatever kinetic energy the ejected electron has ac- 
quired plus the characteristic energy required to remove it. A "characteristic" x ray 

is occasionally emitted when the ionized atom relaxes to fill the core vacancy. It is 
called characteristic because its energy equals the difference in energy between the 

two levels involved in the transition and this difference is characteristic of the ele- 
ment. Since these levels are well defined the photon energy distribution which results 
from a statistically meaningful quantity of x rays, from the same transition and from an 
ensemble of atoms of the same atomic number, generally suffices to identify the atom 
species. This x-ray "line" is characterized by a "natural width" and is normally speci- 
fied by the full width at half the peak maximum (FWHM). There is usually instrumental 
broadening when an x-ray line is measured and we must make the distinction between the 
measured distribution and the line. Consequently, we shall call the measured distribution 
a "peak" and specify its width, also, as FWHM. The difference between these distributions 
is very large when a solid-state energy-dispersive detector is used. For example, the 
natural width of the Mn Kai line is 1.48 eV.’ This line‘is broadened to a peak of typ- 
ically 155 eV by a 30mm’ lithium-drifted silicon detector and its associated electronics. 

The second type of inelastic interaction we must consider occurs between a fast beam 
electron and the nucleus of a specimen atom. A beam electron can decelerate in the 
Coulomb field of an atom, which consists of the net field due to the nucleus and core 
electrons. Depending on the deceleration a photon is emitted which can have an energy 
ranging from near zero up to the energy of the beam electron. The interaction of a large 
number of beam electrons with a thin foil of a given element produces an emitted spectrum 
with a distribution approximately proportional to 1/E, where E is the photon energy. The 
magnitude of this distribution is approximately proportional to the square of the average 
atomic number of the atoms comprising the foil. Other factors, such as beam current, 
measurement time, and specimen mass thickness, scale the vertical axes linearly. The 
beam energy Eo and observation angle 0 affect the overall shape of the distribution in a 
complex manner that will be discussed below. X rays which emanate due to this interaction 
process are referredto here as continuum xX rays. Alternative names are "background," 
"white," or "bremsstrahlung" x rays. 

By counting characteristic x rays we obtain a measure of the number of analyte atoms 
present in the volume of specimen excited by the electron beam. By counting continuum x 
rays we obtain a measure proportional to the product of the square of the average atomic 
number and the mass thickness of the excited volume If the average atomic number of the 
specimen is known, the continuum signal gives a measure of specimen mass thickness. This 
is generally true in biological microanalysis. In the ratio of a characteristic signal 
to a continuum signal, factors that affect both signals equally cancel. Since, in the 
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usual energy-dispersive system, the two signals are recorded simultaneously, the effects 
of recording time and incident probe current cancel. Similarly, for sufficiently thin 
specimens such that specimen self absorption and multiple electron scattering are not a 
problem, the effects of mass thickness cancel in the ratio. Marshall and Hall developed 
a highly successful analytical procedure, based on the above, which is widely used in 
biological applications in the scanning electron microscope and microprobe.” The pur- 
pose of this paper is to comment on certain difficulties one encounters in forming a 
meaningful characteristic-to-continuum ratio in the analytical electron microscope 
operating between 70 and 200 kV, and certain properties of the ratio itself. We restrict 
our discussion to K radiation from elements of atomic number 11 to 37. 


The Charactertstte Stgnal 


We can predict the number of characteristic x rays generated into 417 steradians from 
the following relation: 


Ton = (NopC,/A)Q,w FIN, dz (1) 


where No is Avogadro's number, ¢ is the density of the specimen in the analyzed volume, 
C, is the weight fraction of the analyte in the volume, and A is the atom weight (the 
quantity in parentheses is the number of atoms of analyte in the analyzed volume); Qa 
is the ionization cross section for the shell of interest and has dimensions of area; w,, 
the fluorescent yield, is the probability that an x ray will be emitted due to the ioniza- 
tion of a given shell; F, is the probability of emission of the x-ray line of interest 
relative to all the lines which can be emitted due to ionization of the same shell; N, is 
the number of electrons which have irradiated the specimen during the measurement time; 
and dz is the specimen thickness in the same units of length as used in Q. Terms in 
Eq. (1) other than the cross section which are subject to uncertainty are wa, and FE. 
Values for both these quantitites have been obtained primarily by measurement. Conse- 
quently, the use of mathematical fits to the various experimental determinations serves 
to mask the underlying uncertainty due to measurement. To demonstrate this point in this 
paper we use some of the primitive data on which the fits have been made.* ° Plots of 
the theoretical characteristic-to-continuum ratio as a function of atomic number Z, to be 
shown later in the paper, manifest this experimental scatter. For analytical procedures 
the use of fits is perfectly reasonable and probably desirable. Some recent results are 
given in Ref. 6. 

The basic functional form of the characteristic cross section is due to Bethe:’ 


Zz 


Q = 6.51 x 107 (nb, /UE2) In (CU) (2) 


where the. constant is the product net (in keV2-cm?; e is the charge of an electron), ng is 


the number of electrons which populate the s'th shell or subshell of interest (ny = 2), E, 
(in keV) is the energy required to remove an electron from a given shell or subshell, U is 
the over-voltage ratio Eo/E, (where Ep is the energy of the impinging beam electron), and 

bs and Cs are constants for the s'th shell or subshell. Powell reviewed a number of semi- 
empirical cross sections for the beam energy range commonly found in the electron microprobe 
(<40keV).°?° He recommends for the K shell that by = 0.9 and Cy = 0.65 when the ener- 

gies are expressed in keV. Powell favorably notes a modification to the Bethe formula 

by Fabre, which we include here only for the purpose of comparison: 


20 


Q. = 6.51 x 10°" (n, In U)/[E,*a(U + b)] (3) 


where a = 1.18 and b = 1.32 are constants for the K shell. The range of the overvoitage 
ratio is recommended to be 1.5 < U < 25 and the subscript F on Q denotes ''Fabre."' The 
other terms are as above. It was not intended that these cross sections should be applied 
above about 40 keV; it is not surprising that they cause anomalous results in the 
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range of beam energies found in the AEM. There are several ionization cross sections which 
have been suggested for the incident energy range 70-200 keV. This is an energy region 
where the effects of relativity should not be ignored and a generally useful cross section 
should accommodate theeffects explicitly, or at least provide empirical adjustment. 

Zaluzec?®’*! has recommended the formulation, given in Mott and Massey,!* of the rela- 
tivistic cross section derived by Bethe and Fermi’? and Williams:?* 


Q, = (we"n a, /E Eo) In[b,U - In(1 - 8) - 87] (4) 


where all energies are given in keV, a = 0.35 (K shell), 


b, = 0.8U/[(1 - eas rae y 1250/(EU*), § = 1/(2E.), 


k 
Bide Se We ek eT # (ey 7stl 2 


is the relativistic correction factor. The coefficients were determined by Zaluzec. In 
references [10, 11] b, is given incorrectly [Zaluzec, personal communication]. 

Recently, Schreiber and Wims?5? 76 proposed a highly empirical variant of the Bethe 
equation with coefficients determined indirectly from their relative measurements of 
characteristic lines at two beam energies, 100 and 200 keV, using an uncalibrated x-ray 
detector and specimens of unknown mass-thickness. Their formulation is unique in that 
the coefficients are functions of atomic number. They give the cross section as: 


Q._,, = Te’ nb In U/(E2US) (5) 


where b = 8.874 - 8.158 In Z + 2.9055(1n Z)* - 0.35778(in Z)* for Z < 30 and b = 0.661 for 
Z > 30; and d = 1.0667 - 0.004762. < 

These authors include in their paper coefficient expressions for the L and M shells, 
again determined indirectly. The cross section coefficients proposed by these authors are 
machine and procedure dependent and should be taken out of context with care. 

Kolbenstvedt has given a relatively simple approximate formula for K ionization by 
relativistic electrons much higher in energy than the ionization energy.?? He has obtained 
good agreement with experimental data for the elements silver and tin for energies from 
under 100 keV to 2 MeV. His equation is written as: 


0.275 (Ey' + 1)2 jin 1.19(Eo' + 2) Eo'(Eo' + 2) 


k 7 i Eo! (Eo' + 2) I 7 (Ey' + 1)? 
' 2 f 12 2 : 
{ 
7 eek (eo iy ae ee Ee SE a (barns) 
a : 2(Eo' + 1)* (Bot + 1)* 
(6) 


where Eg is the kinetic energy of the incident electron and I is the ionization energy, 
both in units of the electron rest energy. For our purposes we require the following con- 
versions: 


Q = 10° 2+ Oy (cm2); I = E./511; Eo! = Eo/Sil 
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where E_ and Eg are the critical excitation energy and beam energy, respectively, in keV. 
We Rave presented these cross sections not to make a critical evaluation but merely 

to demonstrate their functional form and numeric variation, They are plotted as a func- 

tion of Z for the range ll < Z < 37 in Figs, 1 and 2 for the beam energies of 100 and 200 

keV, respectively. It is apparent from the plots that our first difficulty in formulating 

a theoretical characteristic-to-continuum ratio is a choice of cross section to appear in 

Eq. (1), the numerator. 
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FIG, 1.--Plot of characteristic cross FIG. 2.--Same as Fig, 1 but 200 keV, 
sections as function of Z for beam (Note change in vertical scale.) 


energy of 100 keV. 


The Continuum Stgnatl 


We can predict the number of continuum x rays generated into a unit steradian from the 
following relation: 


Nge 
Teo = —A~ QN, dz (7) 


where No is Avogadro's number, P is the density of the specimen in the analyzed volume, 

A is the average atomic weight (the quantity in parentheses is the total number of atoms 
in the analyzed volume), Q is the continuum cross section and has dimensions of area, N 

is the number of electrons which have irradiated the specimen during the measurement time, 
and dz is the specimen thickness in the same units of length as used in Q. We note the 
following differences between the generation of characteristic and of continuum radiation. 
For our purposes, the ionization of an atom by a fast electron and subsequent emission 

(in some cases) of a characteristic photon are independent events. A characteristic pho- 
ton has equal probability of being emitted in any direction after the ionization (isotropy). 
Relativistic considerations apply only to the probability of ionization. The probability 
of continuum emission, on the other hand, is intimately related to the probability that a 
fast-beam electron will decelerate in the Coulomb field of an atom. Indeed, the emission 
is a direct consequence of the deceleration. Furthermore, the probability of continuum 
emission is directionally dependent and peaked in the forward direction as defined by the 
direction of travel of the beam electrons (Fig. 3). We define the observation angle to be 
the angle between the incident beam direction and the x-ray detector. The "angle" and 
magnitude of the maximum of each of the lobes shown in the figure are affected by the pho- 
ton energy being observed, the beam energy, and the average atomic number of the specimen. 
Specimen tilt has no effect (other than to change the apparent thickness of the specimen). 
Because of this anisotropy, continuum radiation is usually expressed as emission into a 
unit steradian at a specified angle, not as uniform emission into 41 steradians, as is the 
characteristic cross section. Dyson!® has observed that the angle of maximum intensity, 
for photons having an energy near the beam energy, approximately satisfies the equation 
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B(1 + sin?6) = cos 0 (8) 


where 8 is defined above and 9 is the observation angle. 

We begin our discussion of particular continuum cross sections by deriving the expres- 
sion used in the Marshall-Hall procedure for biological microanalysis. For the discus- 
sion of this particular cross section we use the symbol E to denote photon energy and the 
symbol Vp to denote incident electron kinetic energy. We first note several properties 
of continuum radiation. 


1. The maximum energy that can be given up by an incident beam electron is its 
kinetic energy, which is numerically equal to the beam voltage Vy. Consequently, there 
is a highest energy Eo that can appear in a continuum spectrum due to beam electrons of 
energy Vo. This highest energy is the so-called high-energy limit, or the Duane-Hunt 
limit. 

2. If the specimen is sufficiently thin, both theory and experiment indicate that 
the amount of emitted energy in an energy interval dE is approximately uniformly distrib- 
uted from near zero up to the high energy limit (Fig. 4).? 


2 
oe 


FIG. 3.--Plot of continuum distribution FIG. 4,--Plot of emitted continuum energy as 
demonstrating anisotropic property. function of photon energy for two ele- 
Beam direction is left to right. ments and three observation angles. Note 


essentially uniform distribution up to 
beam energy Vy. (From Compton and Alli- 
son.??) 


From (2), we can define the fraction of the total emitted continuum energy E;, in the 
interval from E to E + dE, as dE/(E)- 0). The efficiency of the generation of con- 
tinuum in a thin film is defined as the total continuum energy (from near zero to Eg) 
generated by electrons which lose an amount dV of their energy divided by the energy lost. 
Kirkpatrick and Wiedmann?° have determined from the theory of Sommerfeld that this 
efficiency is 2.8 x 10°? ZVo, where Vy is the beam voltage in kV and Z is the atomic 
number. We can thus express the total radiated continuum energy as: 


E, = 2.8 10°° ZV dV | (9) 


The fraction of this quantity in an energy interval dE provides us with the number of 
photons I,g of energy E. The number of photons in the vanishingly small interval dE is 
obtained by dividing the amount of energy in that interval by the photon energy E. 
Consequently, the number of photons in the energy interval dE is given by the quantity 
Ey © dE/(EEo) or: 


1, 7 2.8 x 10 °(Z/E) dk dv (10) 
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The energy loss dV of electrons traversing a thin film of matter of thickness dz can be 


given by the Bethe equation for the slowing down of electrons in matter:?? 
_ 2ne*NgZ 1.166Vq 
- dV = “t= In [t2ge¥e | 9 az oD) 


where J is the mean loss of energy suffered by an electron while interacting with an atomic 
2223 , : 
core electron, * 1.166 is the square root of half the base of the natural logarithms, 
dz is the specimen thickness in cm (if 9 is given in g/cm , and the other terms are as 
defined earlier. For a discussion of the assumptions used in the Bethe equation see 
Ref. 22, pp. 226-232. 
Combining the previous two equations gives the number of continuum photons generated 
in a photon energy interval dE from a thin film of thickness dz due to one beam electron 
of energy Vg: 


_ 2202? i | EetseVo 


co AV) E p dz dE (12) 


where the energy terms are in eV. 
We can express Eq. (12) in units of a cross section, differential in energy, by 
multiplying by the quantity A/(No p dz), which gives 


2 B65 oK 10" 27.727 1.166 Vo 
Sear VoE a2 | 5 ae cs (13) 


The subscripts iu on Q distinguish this cross section by its principal characteristics: 
isotropy and uniformity in energy distribution from property 2 above. The resulting 
cross section now has the required dimensions of area in cm* per beam electron. For the 
purposes of comparing this cross section with others, we use in Eq. (11) the well-known 
Sternheimer formulation of the J factor (given in Ref. 22): 


J = Z(9.76 + 58.82Z 1°19) (eV) (14) 


Equation (13) is an apparently simple expression of the continuum cross section, The 
simplicity is, however, a result of the use of approximations and assumptions in the deri- 
vation. We next consider two continuum cross sections which take more exact account of 
the physical processes involved in continuum generation. However, these more "exact" 

cross sections also result from certain simplifications since the formulation of the cross 
section from which they are derived cannot be solved in closed form. There are two 
fundamentally different types of approximations of particular relevance to applications 

in the AEM. We shall discuss a representative cross section, utilizing each approximation, 


The Coulomb Approxtmation: Sommerfeld's Theory 


Sommerfeld?" developed a theory of continuum generation that neglects the presence of 
atomic electrons (screening) and assumes a pure Coulomb field about a point nucleus. 
Relativity, electron spin, and retardation of potential are neglected and the incoming 
electron and the scattered electron are represented by plane waves which occupy alli 
space. Other assumptions that affect the spectral distribution at both the extreme high 
and low energy limits have been made but have little effect on the distribution in the 
range of interest to us.?° 
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The Sommerfeld theory is troublesome to evaluate due to its mathematical form. Nu- 
merical estimates for selected atomic numbers and values of photon and electron energies 
have been made by Kirkpatrick and Wiedmann,”° following the method of Weinstock. ? These 
estimates are accurate to within 2% of the fully calculated theory. 
theory is only valid for incident-beam energies smaller than several keV. However, it 
is possible to apply a relativistic correction factor and extend the range of utility 


to encompass the AEM range. 


especially in heavy atoms, can be expected to cause some error. 
The algebraic fit Qx-y of Kirkpatrick and Wiedmann to the Sommerfeld theory is given 


by 


-W 


bd 
i 


h = 


k= 


Y2 


=a = cos*6) + mae! + cos76) 


(300Z7/Eg) {-j + k/{GE/Eg) + h]} 1.51 x 10728 


1.47B - 0.507A - 0.833 
1.70B - 1.09A - 0.627 


1.43y1 
(1 + h) 


0.067 + 0.023/[(E/300Z*) + 0.75] 


-0.214y; +1.2ly2 - y3 


- 2.43yo + y3 
(y3 + j) 


E and Eo are expressed in eV. 

Qy-y can be made differential in energy and angle by multiplication by dQ and dE, the 
differential of solid angle subtended by the detector at the angle 6 and the differential 
of energy, respectively. 


Zaluzec has recommend the relativistically corrected form, 


ee 
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1 - cos?6 
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(1 - B cos 6)" 
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1+ cos76 
(1 - £8 cos 6)" 
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The Sommerfeld 


The neglect of screening effects of core electrons, 


(15) 


28 


= (300Z7/Eo) {0.252 + a[(E/Eo) - 0.135] - b[(E/Eo) - 0.135]7} 1.51 x 10° 


exp (-0.223E)/300Z7) - exp(-57E9 /300Z7) 
exp (-0.0828E9 /300Z7) - exp(-84.9Ep /300Z7) 


(1 + 2h)y2 - 2(1 + h)y3 


0.22[1 - 0.39exp (-26.9E9/300Z7) ] 
y3 =-0.00259 + 0.00776/[(Eo/300Z7) + 0.116] 


(16) 


where 8, the relativistic correction factor, is as defined for Eq. (4.)* 


Motz and Placious have recommended another formulation of relativistic correction which 


is markedly different in form and results:?? 


“1, | 


2 
1 - cos“ eI 
(1 - Bcos 6)? y (1 - B cos 6)? 


1 + cos*6 


| 


(17) 


*In a private communication, Zaluzec gives the following source for this correction: 
M. Scheer and E. Zeitter, Z. Phys. 140: 642, 1955. 
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(Note that the relativistic correction made to the continuum radiation is zero for a 

90° observation angle.) They derived this formulation by comparing the relativistic 
and nonrelativistic cross sections given in Heitler (Ref. 28, p. 242, Eqs. 13 and 17). 
As pointed out by Motz and Placious, Heitler's cross sections are derived with free- 
particle wave functions. Consequently, the corrected cross section can be considered 
only a rough estimate of the exact cross section that would be obtained with relativis- 
tic Coulomb wave functions. The Motz-Placious correction has been used by Statham?? for 
a lower beam energy (20 keV) Monte Carlo study in bulk specimens (photon energies 1-10 
keV) in which continuum anisotropy is examined. 


The Born Approxtmatton 


The Born theory also assumes free-particle wave functions. An extensive review and 
bibliography of continuum cross sections obtained by a number of workers using the Born 
approximation is given in Koch and Motz.°° As pointed out by these authors, such cross 
sections are available in a relatively simple analytical form for relativistic energies, 
with or without screening correction. For the Born approximation to be valid, the initial 
and final electron kinetic energies in an electron-nuclear interaction must be large 
enough to satisfy the two conditions: 


(2mZ/137Bo), (2Z/137B) << 1 


where 8 is as defined in Eq. (4). Despite the fact that the beam and photon energies in 
the AEM often do not satisfy these conditions, the theory is useful in predicting the 
shape of the continuum distribution. Koch and Motz report that the absolute error for 
total emission is within a factor of two in the worst case and can be considerably less 
for lower atomic number specimens, 90° observation angle, and higher AEM beam energies 
(> 150 keV). 

A representative Born cross section, differential in photon energy and angle, is 


given by: 
- 2n¢9n 2 2 2 2 
_ dk p ; 8 sin O(2E, + 1) 2(SE, + 2E Ee. + 3) z1Ds - k*) 4E - 
Q g = oe ee dQ ¢—— $s +t 
2 Pp p, 7A" p 7a? G2A2 pozA 
- 2 ee: p2 2 : os 2 
fae 4E,sin 8(3k - po E,) Pile + E6) : 2 2(7E, 3EE. + Ee ) 
PP, po7A"* po 2A? po 2A? 
2 2 2 
2k(E, + EE. - Ll) Ae oF 4 6k 2k(pyo° - k ) 
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and dQ is the solid angle subtended by the detector at an angle 0, 9 is the observation 
angle of the detector relative to the electron beam axis as described above, E is the pho- 
ton energy (keV), and E, is the energy of the beam electrons (keV). This equation is 
essentially Eq. 2BN of Ref. 30, which is given in units of Mpc”. We have included the 
conversions to beam and photon energies in keV. Again, we have presented these cross sec- 
tions not to make a critical evaluation but merely to demonstrate the functional form and 
numeric variation for the energy range of interest to us. For the purposesof plotting 

the various cross sections we can utilize thenominal Z? and 1/E dependence of continuum 
emission to normalize the plots. If we divide each cross section by Z* and multiply by 
the photon energy, the plots will reveal only deviations from these expected continuum 
properties. Figures 5, 6, and 7 show the forms of the three cross sections discussed in 
this paper plotted for one observation angle (158°), one atomic number (11), and three 
beam energies: 50, 100, and 200 keV. The two relativistically corrected forms of the 
Kirkpatrick-Wiedmann equation are plotted. The notation M-P denotes the Motz-Placious 
form and the notation Z denotes the Zaluzec form. The notation M-H denotes the cross sec- 
tion used in the Marshall-Hall method and B denotes the Born approximation cross section. 
We observe the strong deviation from the 1/E form and the change in spectral distribution 
as a function of beam energy for all the cross sections except the Marshall-Hall. (Note 
the change in vertical scale among the figures.) 

Figures 8 and 9 plot.M-P, M-H, and B against photon energy for a fixed beam energy 
(100 keV), two observation angles (90° and 158°), and three atomic numbers (11, 19, and 
26). To simplify the figures we use only the Motz-Placious form of the Kirkpatrick -Wied- 
mann equation. The purpose of these plots is to demonstrate (1) the deviation of the M-H 
and M-P cross sections from the nominal 2? dependence of the continuum emission, and (2) 
the change in the cross section distribution with change in observation angle generated 
from the Sommerfeld and Born theories. The Born cross section does not exhibit a devia- 
tion from the Z* dependence, since this is one of the assumptions made in the approxima- 
tion. The plot of the Born cross section is most useful here for an examination of the 
dependence on photon and beam energy. A discussion of the significance of the above dis- 
tributions is the purpose of the next section. 


The Nominal Z* and 1/E Dependence of the Continuun Emission 


The accuracy of the Marshall-Hall method, when a standard of average atomic number dif- 
ferent from that of the specimen is used, relies, among other things, on the ability of the 
continuum cross section to accomodate the change. The major dependence of the continuum 
emission on average atomic number is predicted by the square of Z factor but there is a 
nontrivial residual Z* dependence. The Marshall-Hall cross section approximately accounts 
for the residual effect by the J factor in the logarithmic term in Eq. (13). The depen- 
dence, however, is uniform with photon energy; as can be seen from Figs. 8 and 9. The 
Sommerfeld theory, on the other hand, predicts a residual which is not uniform with photon 
energy and indeed reverses its prediction as photon energy increases above about 14 keV 
for a 100keV beam. As can be seen from Figs. 8 and 9, the two predictions of the residual 
a dependence most closely agree for photon energies below about 4 keV. There has been 
considerable debate as to the best energy at which to measure the continuum signal for the 
Marshall-Hall procedure. The question is not easy to answer and must involve a considera- 
tion of statistics (there is more continuum signal at lower photon energies); instrumental 
effects (where in the continuous spectrum will there be a minimum of spectral artifacts, 
overlaps, effects of scattered electrons, etc.?); and physical considerations (how ac- 
curate are the physical and mathematical models?). However, in consideration of only the 
physics involved and assuming that the Sommerfeld prediction of the residual Z* dependence 
is correct, it would seem that the optimal region to measure the continuum for the Mar- 
shall-Hall procedure would be in the energy region below about 4-5 keV. It should be 
noted that there are implementations of the Marshall-Hall procedure which neglect the 
logarithmic term of Eq. (13). For those implementations Figs. 8 and 9 indicate that the 
optimal region would be near a photon energy of 14 keV for a 100keV beam. 

In principle, it is possible to extend the idea of the Marshall-Hall procedure to the 
"one-standard" concept, advocated by Russ,?! at least over a restricted range of photon 
energy. In the “one-standard" method, the ratio of Eqs. (1) and (7), multiplied by 
a coefficient, is set equal to a measured characteristic-to-continuum ratio obtained 
from a standard and the coefficient is determined. By appropriate substitution 
of the quantities in the equations for another, nearby element, it is possible 
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to predict the ratio of intensities which would be emitted by a standard containing the 
new element. To do so, however, one should not use the cross sections in the procedure 
as it was originally formulated for lower beam energy applications. In addition to the 

Z dependence of the continuum radiation, the assumption of a 1/E form is greatly in 
error, as evidenced by an examination of Figs. 5 through 9. Unless the continuum cross 
section can accommodate a change in measured photon energy, the measured interval must 
then remain fixed at some energy during the course of an analysis. This is an unncessary 
restriction which will be discussed below. Note, again, that the shape of the generated 
continuum distribution, as predicted by both the Born and the Sommerfeld theories, changes 
with observation angle. This is an important point to consider if one is to formulate 

a method generally useful for instruments of different manufacture and different 
observation angles. The Kirkpatrick-Wiedmann equation could be used to replace the 
original cross section of Marshall and Hall; and for instruments with a 90° observation 
angle, a relativistic correction would not be required. 

The exact choice of characteristic cross section for a "“one-standard" extension of 
the Marshall-Hall procedure as applied to the AEM is not so important since the various 
options have the same form, even though they differ significantly in absolute value, at 
least for the restricted energy range over which they would be utilized. 


The Characteristte to Local Continuum Ratto: A Definttton 


It is useful to define the ratio of a characteristic intensity to an intensity of con- 
tinuum radiation in an energy interval dE centered at the energy of the characteristic 
line. This ratio, when determined experimentally, is extremely useful as an indicator of 
analytical suitability for a particular electron column x-ray detector interface. }°°!!3? 
Any effects due to scattered electrons, beam-induced contamination, stray x rays, etc. 
are made readily apparent by comparison of the measured ratios to a theoretical prediction. 
Furthermore, such a ratio is useful as an analytical signal. For example, in the Marshall- 
Hall procedure "thicker" specimens may be analyzed, since the distribution in depth of the 
characteristic and the continuum radiation tends to be the same and specimen self absorp- 
tion effects will cancel in the ratio. A standardized method of forming the ratio inde- 
pendent of spectrometer resolving power would permit the comparison of data obtained from 
different analytical microscopes. To make the ratio independent of the spectrometer resolu- 
tion, an observed x-ray peak must be integrated over its full width, so as to provide a 
measure of the intensity of the originating x-ray line. There are two ways to specify the 
denominator. One method is to use a continuum energy interval which would be as wide as 
the "natural" x-ray line. However, the width of the natural lines varies with the energy 
of the line; and the reported widths are not in complete agreement, especially for the L 
and M x-ray lines. A second way is to settle on a fixed energy interval such as 10 eV. 
This particular interval has two advantages: most multichannel analyzers used with x-ray 
detectors on an AEM are calibrated for 10 eV per channel; and 10 eV is a value not much 
larger than the natural x-ray line widths. Consequently, a ratio formed with this value 
is of the same order as the ratio obtained if the natural line width had been used. For 
the remaining discussion we shall utilize an energy interval of 10 eV. 


The Theoretteal Charactertstte to Local Continuum Ratto 


It is obvious from our examination of both the characteristic and continuous x-ray 
cross sections that the value of the ratio we obtain by dividing Eq. (1) by Eq. (7) 
depends significantly on the choice of cross section used. Figure 10 displays plots of 
the ratios obtained from each of the four characteristic cross sections discussed to 
both the Born and the Sommerfeld continuum cross sections. The plot is a function of 
atomic number from 11 to 37. The characteristic cross sections used in the plot are 
designated by the length of the dash and the continuum cross sections used are denoted 
by a vertical brace. The beam energy used is 100 keV and a 90° observation angle is 
assumed. As mentioned earlier, the use of measured values for the fluorescent yields and 
relative x-ray transition probabilities in the numerator cause the plots to exhibit 
irregularity. This plot is useful for comparison against measured characteristic-to- 
continuum ratios obtained from pure-element foils for the stated conditions. 
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Stattsttcal Properttes of Charactertstie-to-continuum Ratios 


For this discussion we assume that the characteristic and continuum signals can be 
obtained from a measured spectrum by one of the standard procedures used for this purpose. 
The various ratios that can be made from the separated signals have attractive natural 
normalization properties. The functions P/B, [P(C) - B(C)]/[P(1) - B(1)], and 
[P(C)/B(C)]/[P(1)/B(1)], where C denotes specimen quantity and 1 denotes standard quan- 
tity, are slightly different algebraic forms that all represent estimates of charac- 
teristic intensity with continuum correction. 

If these functions are to be used with confidence, limits on their possible errors 
need to be established. It is accepted practice to represent an estimate as a mean value 
plus or minus a standard deviation. Other specifications, such as the confidence level 
of a given hypothesis, can be given by somewhat different treatment of the same data. 

The statistical principles and framework are not changed. 

Although statistical properties of the components and composite are known with confi- 
dence, estimates of the statistical properties of the ratio, are desirable. Let us 
assume that estimates of the mean, variance, and other moments of the variables com- 
posing these ratio functions are known. Estimates of the statistical properties of the 
functions can be derived from the following framework. 

Suppose that we consider a general function of variables x, y, ... to avoid 
inferences that this framework is restricted to quotients of characteristic and con- 
tinuum. Let f = f(x,y,...), and let subscript 0 indicate evaluation of a variable or 
a function at the mean estimate. Then the total differential of this function is 
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where Ax = x - xg, Ay = y - Yo, etc. In most cases of interest here, second and higher- 
order terms should be negligible. They are, of course, well defined and easily calcula- 
ted. 
The variance of this function over an ensemble is derivable in a strightforward 
manner. 
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The overbar indicates an appropriate ensemble average of a variable or function. 
A normalized variance is often more meaningful than a raw one. By appropriate mani- 
pulation, we obtain 
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For example, when f(x,y) = x/y, then 


var(x/y) = (L/ya)” var(x) + (-x/y?)6 vary) + 21/y)0 (-x/y}p cov(xsy) + 


This may be written in the symmetric form 


var(x/y) _ var() , var(y) _ 3 cov(x,y) | 
2 2 2 x ° 
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Note that, to first order, the normalized variances add, whereas the normalized co- 
variances subtract. (Covariances exist, for example, if the average effects of either 
the characteristic or continuous signals are incorrectly subtracted.) So, if the fac- 
tors of a quotient are statistically independent, the variation of a quotient is the sum 
of the variations of its components. If the factors are completely dependent, e.g., y 
is a multiple of x, then the variation of the quotient is zero. 

Letting x = P and y = B, we obtain 


var(P/B) _ var (P) ie var (B) 
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For a pure Poisson process, which is a good approximation for both characteristic 
and continuum count generation in electron beam microanalysis, 


var(P) = Po and var(B) = Bo 

If the samples are independent, then 

cov(P,B) = 0 
This is also a good approximation for correctly estimated characteristic and continuum, 
since each is the sum of variables that are mutually independent. However, nonzero co- 


variance are introduced into this formulation by misestimation of either component. 
Thus, 
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From this normalized form, the variances can be written very compactly. 


var(P/B) | var(P) : var (B) 2 cov(P,B) 
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The portion of this result containing variances obtained by propagation of errors is 
shown by Heinrich.” A different approach, oriented toward determining counting times 
necessary for appropriate levels of confidence, is reported by Ancey, Bastenaire, and 
Tixier. 


Cone lustons 


The characteristic-to-continuum ratio has several desirable qualities for biological 
applications of electron-beam microanalysis. Meaningful usage of this ratio requires 
understanding of its- properties, capabilities, and uncertainties. Discussion of the 
characteristic-to-continuum ratio leads naturally to separate consideration of each 
component. 

Each component depends critically on the appropriate cross section. Several models 
for cross sections have been proposed for the range of energies used in the AEM. In 
general, they have substantially different functional forms. Regions of validity of the 
models and extrapolation beyond these regions have been discussed. 

Major sources of error for each cross-section model and variable region were examined. 
A general, usable statistical framework for determining the estimation uncertainty of the 
ratio from the data was presented. 
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THE EVALUATION OF SOLUTE DISTRIBUTIONS MEASURED BY STEM-EDS MICROANALYSIS 
Peter Doig and P. E, J. Flewitt 


There have been a number of recent advances in the application of electron optical tech- 
niques for characterizing the microstructure of materials. Perhaps of most significance 
has been the development of high-resolution chemical microanalysis for determining local 
composition. In particular, the introduction of scanning transmission electron microscopy 
(STEM) with high-intensity electron probes has, when interfaced with energy-dispersive 
x-ray spectrometers (EDS), offered the possibility of x-ray microanalysis on thin foil sam- 
ples to a spatial resolution approaching that achieved when imaging in the conventional 
transmission mode.!~ 

Characteristic x-ray emissions generated by fine, high-energy electron probes have been 
used for the last twenty years in electron microprobe analyzers (EPMA) for the chemical 
analysis of small volumes at the surface of bulk samples. In such cases the electron probe 
is scattered elastically and inelastically as it penetrates the sample and x rays are ex- 
cited from within a volume that is defined by the boundary where the inelastic scattering 
has reduced the electrom energy to less than that necessary for the excitation of the char- 
acteristic x rays. This volume is determined by the atomic number of the material and ac- 
celerating voltage of the electron probe and, in general, tends to a pear shape up to a 
maximum diameter of several micrometers.* Thus the spatial resolution of x-ray microanal- 
ysis is determined by the scattering of the electron beam. In thin foils examined in STEM, 
however, higher energy incident electron probes are involved and very few electrons are 
sufficiently reduced in energy for the spatial resolution of any microanalysis to be de- 
fined by consideration of the boundary at which the beam energy has been reduced to below 
that required for x-ray excitation. In this case most electrons suffer only a small number 
of inelastic collisions such that the volume of sample from which x rays are excited by the 
incident electron probe is determined primarily by the elastic scattering.°-!* This vol- 
ume, or some part of it, is then taken to represent the spatial resolution of any micro- 
analysis. Thus, microstructural features larger than this limit may be directly sampled, 
and therefore analyzed, by the incident electron probe. The limit lies typically in the 
range 20-100 nm for conventionally prepared metal foils, which is an order of magnitude 
better than that attainable from bulk samples in EPMA. However, such a spatial resolution 
limit is not sufficient for investigation of many metallurgical phenomena in which chemical 
information to a distance scale of better than 1 nm is desirable, i.e., to a scale that is 
even finer than most currently available incident electron probe diameters. 

This paper describes and discusses a method for obtaining quantitative chemical infor- 
mation by STEM-EDS microanalysis over distances smaller than the measured spatial resolu- 
tion defined by the electron scattering within foil samples. 


Analysts of the Spattal Resolutton for X-ray Microanalysis 


The spatial resolution of x-ray microanalysis within thin foils by STEM-EDS is con- 
trolled by elastic scattering of the electron probe. The measured characteristic x-ray in- 
tensity I' is a convolution of the distributions of electron flux intensity I(v) and the so- 
lute composition C(v) within the total sampled region of the foil: 


I' = K S,1(v)-C(v) dv (1) 


The authors are with the Central Electricity Generating Board, South Eastern Region, 
Scientific Services Department, Gravesend, Kent, U.K. This paper is published with the per- 
mission of the Director-General of the Central Electricity Generating Board (South Eastern 
Region). 
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where K is a constant that describes the efficiency of x-ray generation, emission, and de- 
tection for the particular element of interest. 
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FIG. 1.--Schematic diagram showing coordi- FIG, 2.--Normalized effective intensity dis- 
nate directions used in present analysis. tributions projected on x-y plane for iron 


base foils of thickness 100 and 200 nm. 


For a thin foil of geometry shown in Fig. 1, it is possible to map the measured x-ray 
intensities and thus chemical compositions in the x-y plane where the direction t is paral- 
lel to the incident electron beam. Experimental conditions are often established such that 
compositional variations are functions of x and y only; i.e., for measurement of solute 
profiles up to interfaces the foil is tilted to orient the interface parallel to the inci- 
dent electron probe. The measured x-ray intensity is then a function of x and y given by 


+00 +00 


I'(xy,y1) = K SS I(x,y)-C(x, - x, yy - y) dxdy (2) 


CO —0O 


where x; and y; are coordinate positions in the x-y plane. For clarity we shall consider 
the case of a composition profile up to planar interfaces where the solute distribution is 
a function of x only and Eq. (2) reduces to: 


+00 


I' (xy) = K f I(x) C(x, - x) dx (3) 


Here, the measured x-ray intensity profile I'(x,) is a function of x and is usually meas- 
ured at discrete distances x, across the interface until the measured x-ray intensity ap- 
proaches a constant value. 

From the measured value of I'(x,) we require ‘to obtain the true composition distribu- 
tion C(x), which in turn needs a description of the term I(x), the effective distribution 
of electron intensity within the sampling electron probe as a function of distance x from 
the probe center in the direction of the interface normal. A previous analysis of the 
electron intensity distribution I(x,y,t) within an analyzing STEM probe has given: ! 


I(x,y,t) = {I/m(202 + gt3)}. exp{-(x? + y2)/(202 + gt)} (4) 


where 8 = (4Z/E)2(p/A).500, I is the total electron flux, o (nm) is a measure of the inci- 
dent electron probe size, Z and A are the mean atomic number and weight of the foil ma- 
terial with density 9, and E is the electron accelerating voltage in volts. We thus have 


T 
LOS {I/(m(202 + Bt3))4}. exp{-x2/(202 + gt3)}dt (5) 
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which is evaluated in Fig. 2 for an iron-base foil of thickness T = 100 and 200 nn. 

The true composition profile C(x) may then be determined in various ways!> that can 
be categorized into two basic approaches, First, 6-18 a physically realistic functional 
form for C(x) may be assumed and inserted into Eq. (3) and the values of C(x) calculated 
and compared with the experimental values. The defining coefficients of C(x) are then ad- 
justed until the calculated values of C(x;) provide the best fit to the experimental val- 
ues.3215 This approach requires some physical interpretation of the basic phenomena that 
give rise to the composition profile. Unfortunately, in most cases, such information is 
not available or is poorly defined. Indeed, it is usually in an attempt to elucidate such 
processes and mechanisms that the measurements are made. Thus, it is necessary to decon- 
volute the terms I(x) and C(x, - x) directly from the measured I'(x,) (Eq. 3), which may 
be conveniently accomplished by Fourier analysis techniques,+? since the transform of a 
convolution of two functions is proportional to the product of the individual transforms: 


FT [I(x)].FT [C(x)] = FT [I'(x)] (6) 


such that ae - 
C(x) = FT {FT [I'(x)]/FT [I(x)]} (7) 


where FT represents the forward and FT the inverse Fourier transform. Such an approach 
has been considered previously for electron probe microanalysis measurements*9~?22 on bulk 
samples, with the use of experimentally derived descriptions for I(x). For the present 
case of thin foils, however, the function I(x) is given by Eq. (5) for a given material 8, 
incident beam size o and foil thickness t,. 

Experimental measurement of the function I'(x) at fixed intervals Ax confines us to de- 
fine the Fourier transform of I' at a finite number of points. This procedure limits the 
maximum frequency contribution to the Fourier transform of the evaluated C(x) to 2/Ax (Ny- 
quist criterion), which thus limits the accuracy of its evaluation. In practice, for an 
experimental x-ray intensity profile I'(x) measured at intervals of Ax, the electron in- 
tensity profile I(x) may be evaluated at the same intervals and the Fourier deconvolution 
and reconstruction (Eqs. 6 and 7) carried out numerically on a digital computer.?? 

An example of such a procedure 
is illustrated schematically in 
Fig. 3 for a measurement inter- 
val of Ax = 10 nm in an iron-based 
foil of thickness 200 nm. 2 
Clearly, the precision with : 
which the peak value of compo- 
sition may be derived depends on 
the maximum frequency (or Ny- 
quist frequency) contribution to 
the Fourier transform of the 
I'(x) profile; i.e., the spacing 
Ax. In general, increasing the 
interval Ax results in a smooth- 
ing of the resulting evaluated 
C(x) profile with an underes- 
timate of peak values and a cor- 
responding overestimate of pro- 
file spatial extent. 

The accuracy of the decon- 
volution process is limited by 
the frequency information in- Ln 
cluded in the Fourier trans- 8 28 40 606 88 
form descriptions of the meas- DISTANCE :nm 
ured x-ray profile I'(x), and 
the calculated electron intensity 
profile I(x). Since the decon- 
volution process involves divi- 
sion of Fourier coefficients at 
the same frequency, the Fourier transform of I(x) can only include frequencies up to that 


FOIL THICKNESS= 260 nm 
BEAM SIZE= 18 nm 


RELATIVE CONCENTRATION 


FIG. 3.--Schematic illustration of deconvolution of (a) 
electron intensity distribution I(x), from (b) measured 
x-ray data I'(x), to give (c) calculated true composi- 

tion profile C(x). 
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describing the measured profile I'(x), i.e., 2/Ax. The effective sampling electron inten- 
sity profile I(x) is a function of the incident electron probe size o, foil material 8, 
and foil thickness T, in Eq. (5), and the precision with which it can be represented by its 
Fourier transform, truncated at the Nyquist frequency 2/Ax, changes with each of these par- 
ameters. Thus the accuracy of any deconvolution to evaluate composition profiles also de- 
pends on these parameters. 


Results 


The relative effects of each parameter on the accuracy of the deconvolution procedure 
will be considered with reference to a composition profile of the type shown in Fig. 4 
with 

C(x) = Co exp[-(|x]/A)] (8) 


where A is a constant that defines the spatial extent of the profile and the true peak 
concentration at the interface x = 0 is Cg. Since in many applications it is this peak 
value Cg that is required, we shall consider how accurately the deconvolution predicts this 
concentration Cg*. 

The influence of the measurement interval Ax on the accuracy of peak evaluation Cg*/Cg, 
is most simply examined with a point-source electron intensity (o = T, = 0 in Eq. 4), which 
thus isolates contributions from the electron intensity profile I{x). The evaluated 
Cg*/Cp ratio is shown in Fig. 5 as a function of sampling interval Ax/HWHH (half width at 
half height) of the true concentration profile C(x), (HWHH = A ln 2). Clearly the accuracy 
of estimating Cp decreases with increasing sampling interval Ax. However, it is noteworthy 
that sampling at an interval Ax = HWHH of the profile yields a predicted peak concentration 
Co* within 5% of the true value Cg. 

The effect of the introduction of a real electron intensity distribution I(x) is an in- 
crease in the error in evaluating the composition profile C(x). This effect is illustrated 
in Fig. 6, where Co*/Cg is evaluated as a function of sampling interval Ax for a true com- 
position profile with HWHH = 10 nm in iron-based foils of thickness = 0, 100, 200, and 300 
nm, and an incident beam size of 2 nm at 100 kV. These results show that for the range of 
sampling intervals up to about 60 nm, an increase in the foil thickness decreases the ac- 
curacy of estimating the peak concentration Cg. At a sampling interval of 10 nm, which 
represents a realistic experimental lower limit, the value of Cg* decreases from 0.88Cg at 
100nm to 0.75Co at 300nm foil thickness. 

The accuracy with which we can determine the peak concentration Cg clearly depends on 
the spatial extent of the profile, i.e., the value A. This is shown in Fig. 7 for the 
range of profile widths (HWHH) 5, 10, 20, and 50 nm for an iron-base foil of thickness 200 
nm and an incident electron probe size of 2 nm at 100 kV. If we consider a lower limit to 
practical measurement intervals as 10 nm, the accuracy of estimating Cg may be plotted as 
a function of true composition profile width (HWHH) for foil thicknesses of 100 and 200 nm 
(Fig. 8). Here we observe the significant benefit of using thinner foils for estimating 
Cg, particularly as the width of the composition profiles decreases below 50 nm. This re- 
sult is of significance since many metallurgical phenomena of technological importance in- 
volve the development of composition profiles that fall into this category.?»7°> 

All the above results have been derived on the assumption of no error in the measured 
x-ray intensity profile I'(x). Clearly this assumption is never achieved in practice and 
some statistical error in the recorded xray counts always occurs. For reasonable counting 
statistics this error ee by YN, where N is the number of counts and the per- 
centage accuracy is 100/V’N Implicitly this random error in I'(x) must be carried into the 
derived composition profile C(x) and peak value Cg*. For the present true composition pro- 
file shape (Eq. 8) this error is about 2.5 times that in the individual I'(x) data. Thus 
for x-ray data with about 100 counts in the recorded peak, the estimated value of Cg* will 
be in error by up to about 25% in addition to that predicted by the present analysis. How- 
ever, experimental procedures may be adopted to reduce this measurement error, such as in- 
creasing the number of x-ray counts by recording for longer times, using higher brightness 
electron sources, increasing the incident electron probe size, and increasing the foil 
thickness. As shown in Figs. 5-7, however, these latter procedures serve to increase the 
effective sampling electron distribution I(x) and so increase the error in determining Co. 
Clearly, a compromise between increasing foil thickness and decreasing x-ray counting sta- 
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tistics will optimize the accuracy of Cy* depending on the particular absolute number of 
x-ray counts obtained. 
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DISTANCE: x INTERVAL: Ax/HWHH 
FIG. 4.--Schematic diagram showing composi- FIG, 5.--Evaluated peak composition/real 
tion profile assumed in present analysis. peak composition (Cg*/Cg) as function of 


measurement interval Ax/profile HWHH. Val- 
ues calculated for point source of sampling 
electron intensity. 


INTERVAL; nm*¥130 INTERVAL; nmm*169 
FIG. 6.--Evaluated ratio Co*/Cg for pro- FIG. 7.--Evaluated ratio Cg*/Cpg as a func- 
file HWHH = 10 nm as function of measure- tion of measurement interval Ax for range 
ment interval Ax for range of foil thick- of profile widths (HWHH) = 5, 10, 20 and 
nesses 0, 100, 200, and 300 nm. Iron-base 50 nm. Fixed iron-base foil thickness = 
foil, incident electron probe size = 2 nn, 200 nm. Incident electron probe size = 
100 kV. 2 nm, 100 kV. 
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Discusston 


The present analysis illustrates a procedure for evaluating true composition distribu- 
tions from experimental STEM-EDS x-ray intensity data, The concept of a limiting spatial 
resolution for microanalysis, determined by some arbitrary description of the electron 
scattering, is not of direct value in defining the smallest composition fluctuation that 
may be detected and quantified with this technique. This limit is more directly controlled 
by the statistical accuracy and sampling interval of the recorded data. 

The work described in this paper has been based on a specific composition profile 
shape (Eq. 8) chosen to approximate concentration fluctuations associated with either 
equilibrium or nonequilibrium (diffusion-limited) segregation phenomena. The precise nu- 
merical values quoted in the present text vary with the particular profile shape but the 
trends of the results are of general applicability. In general, narrower electron inten- 
sity distributions I(x) can provide a more accurate evaluation of the true composition pro- 
file C(x). However, such narrower intensity profiles, associated with smaller incident 
probe sizes and foil thicknesses, result in a lower confidence in the measured x-ray data 
T*(x) and thereby reduce the overall accuracy of the evaluated composition profile C(x). 

The approximate analytical description for the electron intensity distribution within 
the scattered electron probe (Eq. 4)3e1l provides a convenient form to establish I(x) for 
use in the present analysis. Other procedures such as Monte Carlo or refined single- 
scattering models may be used for this evaluation and subsequent deconvolution of the meas- 
ured data I'(x). Regardless of the particular description for I(x), the approach and con- 
clusions of the present analysis will remain unchanged. 

The parameters that are of overriding im- 
portance in establishing the true composition 
profile C(x) from the measured x-ray inten- 
sity profile I'(x) are shown by the present 
analysis to be the measurement interval Ax, 
and the statistical confidence in the record- 
ed data. At present, the limit on Ax is de- 
termined by the mechanical and electrical 
Stability of the microscope and for record- 


a ing times of about 100 s is in the region 
on 10-50 nm for the current generation of com- 
O mercial instruments. For iron foils of rea- 


sonable thickness, 100-200 nm, when one is 
using a recording interval of 10 nm and ig- 
noring noise in the recorded data, the ac- 
curacy of evaluating the peak value of a com- 
position fluctuation with HWHH = 10 nm is 
limited to 10-20% of its true value (Fig. 8). 
Similarly, for such a measurement interval, 
composition profiles with HWHH less than 1 nm 
g 1 may be detected and the peak value Co* esti- 
HWHH ; nm*¥1ag mated to within a factor of two of its true 
value Cg (Fig. 8). 


FIG. 8.--Evaluated ratio Cg*/Cg as function 
of composition profile width (HWHH) for Conelustons 
fixed measurement interval Ax = 10 nm, in 

iron-base foil? of thickness = 100 and 200 


nm. Incident. electron probe ‘size > 2mm, STEM x-ray microanalysis is of little value 
LOO RY. in defining the limits of detection and 
evaluation of composition fluctuations in thin foils. The deconvolution procedure des- 
cribed provides a means of obtaining quantitative microanalysis of composition fluctuations 
whose spatial extent is very much smaller than the size of the sampling electron intensity 
distribution. The major limitations to the ultimate accuracy of the microanalysis are the 
minimum sampling interval and the statistical accuracy of the recorded data rather than the 
finite volume of the foil excited by the incident electron probe. 


The present analysis has shown that the 
concept of a fixed spatial resolution in 
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BEAM BROADENING IN THE ANALYTICAL ELECTRON MICROSCOPE 
D. E. Newbury 


X-ray microanalysis in the analytical electron microscope (AEM) is characterized by much 
better spatial resolution than that obtainable in the conventional analysis of bulk speci- 
mens in the electron probe microanalyzer.!>* This improvement in spatial resolution is a 
result of three major factors: (1) High brightness sources and strong condenser lens sys- 
tems provide beams of the order of 10 nm in diameter which carry sufficient current for 
X-ray microanalysis with the energy-dispersive x-ray spectrometer; (2) high beam energies, 
typically in the range 80-200 keV, decrease the cross section for elastic scattering, which 
is principally responsible for causing beam electrons to deviate from their initial tra- 
jectories; and (3) sample thicknesses of the order of 100 nm reduce the number of possible 
scattering events, so that most electrons traverse the foil with only slight energy loss. 
However, the improvement in spatial resolution over that of conventional analysis is not 
without limit. Elastic scattering results in significant beam broadening, as illustrated 
in Fig. 1. The volume of excitation in the absence of scattering would be the cylinder 
whose cross section is defined by the incident beam area. The excitation would not be 
constant within this cylinder; the incident beam typically has a Gaussian distribution of 
intensity across its diameter. Beam spreading or broadening degrades this cylinder to a 
complex three-dimensional form with a cross-sectional area that increases continually with 
depth. The intensity distribution across this area is also modified by the scattering 
process. Rare large-angle scattering events can cause electrons to backscatter out of 
this volume and further degrade the spatial resolution. 

Beam broadening affects both the compositional accuracy and the spatial resolution of 
X-ray microanalysis. When a structure of interest is smaller than the volume defined by 
beam broadening, atoms in the surrounding matrix are excited as well as those in the struc- 
ture, which can lead to possible errors in both the qualitative and the quantitative analy- 
ses of the structure. In the usual method of quantitative analysis, relative elemental 
sensitivity factors, kan = (Ca/Cp): (Ip/iIa), where C is the concentration and I is the 
measured intensity for elements A and B, are used to analyze the unknown.? Errors occur 
in the quantitative analysis of the structure due to beam broadening if either species A 
or B is contained in the matrix excited around the structure. Finally, the ability to de- 
fine the position of a compositional interface from analytical data alone is degraded. 

The measured apparent compositional profile is a complex convolution of the true composi- 
tional profile and the intensity profile of the beam. The intensity profile of the beam 
may change abruptly at an interface if the scattering powers of the two phases differ 
markedly. 

The scattering conditions for a foil can be estimated from the total elastic scatter- 


ing cross section d,: 22 , by: mg c2 2 
o. = 5.21 x 10-2) = —_""__f _____ (1) 
e afl + a) 
E2 Est 2mg c* 


where o, is in terms of events/e~/(atom/cm2), E is in keV, mg c* = 511 keV, Z is the atomic 
number, and a = 3.4 x 10-9Z9-67/E.4>5 The mean free path Ag can be calculated from the 
cross section by means of the equation: 


Ae = A/o Nop (cm) (2) 


where A is the atomic weight, Np is Avogardro's number, and op is the density. Values of 
the mean free path for aluminum, copper, and gold are given in Table 1. Finally, the dis- 


The author is with the National Bureau of Standards, Center for Analytical Chemistry, 
222/A121, Washington, DC 20234. 
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tribution of probabilities of var- 
ious scattering angles P(6@) is given 
by: 


P(6) = (1 + a)[1 - 20/(1 - cos 8 
+ 2a)] (3) 


where 6 is the scattering angle meas- 
ured from the incident electron di- 
rection. Probabilities of various 
scattering angles are presented in 
Table 2. The data in Table 1 indi- 
cate that for a typical foil thick- 
ness of 100 nm and a beam energy of 
100 keV, a condition of single scat- 
tering (i.e., the average electron 
undergoes only one scattering event 
while passing through the foil) ex- 
ists for light element targets, 
whereas for intermediate and high 
atomic number targets, plural scat- 
tering takes place. Even for tar- 
gets as heavy as uranium, fewer than 
25 scattering events (the condition 
for multiple scattering) are experi- 
enced by the average electron in 
traversing the foil, and thus a con- 
dition of multiple scattering is not 
achieved. Operation at higher beam 
energies such as 200 keV further re- 
duces the elastic scattering cross 
section, which results in fewer 
scattering events. For single scat- 
tering, the angular distribution is 
sharply peaked in the forward direc- 
tion, and the most probable scatter- 
ing angle is of the order of a few 
degrees, as shown in Table 2. Plural 
scattering gradually broadens this 
distribution. 

Beam broadening has now been in- 
vestigated by a variety of tech- 
niques. A catalog of these methods 
follows, with comments on their 
strengths and weaknesses. 


Analytte Models 


Analytic models have been de- 
veloped by use of an equation to 
describe the angular distribution of 
the scattered electrons. From an 
assumed conical beam-spreading geom- 
etry, the angular distribution is 
converted into a spatial distribu- 
tion. Beam broadening is quanti- 
fied by a distance parameter which 
describes this cone, generally the 
diameter of the base. To constrain 
the cone dimensions, beam broadening 
is arbitrarily defined as the volume 


FIG. 1.--Schematic illustration of beam spreading 


in AEM showing the Gaussian profile of incident 
beam, volume sampled in absence of scattering 
(dashed), and with scattering (broken). 


TABLE 1.--Elastic mean free path 


Element 100 keV 200 keV 
Al 96 nm 168 nm 
Cu 24 Al 
Au 8.9 15 


TABLE 2.--Elastic scattering angle probabilities 
(copper target, E = 100 keV). 


05. degrees P(AQ)" 
L-? 190 
2 .294 
3° 195 
4° aki 
Gr .065 
6° .039 
ie .026 
8° s018 
9° 012 

10° .009 
ZOE Se «030 
30° .0065 
40° “0022 
50° .0010 
go°** .0011 
L680 .0002 


*Probability for scattering into an angle inter- 
val Aé6. 
**Note change in the angle interval. 
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containing 90% of the beam electrons. 
Analytic models have the general advan- (a) | (b) i 
tage of yielding a single equation which ——_L—_______ o> 
gives a closed-form solution relating | 
the spreading parameter to the specimen | 
and beam properties. The following an- ; 
alytic models have been developed. t A <b > 


/ \ 
Single Seattering. Goldstein et al. ee / \ 
derived a beam broadening equation from J \ / \ 
the cross section for single scattering:® —Y——4_____\ —__ Pee ek tree et eT ee 


b = 6.25 x 102(p/A)9*°(Z/E}t?:> (4) 

where b is the broadening (cm) as de- FIG, 2.--Scattering geometries assumed by (a) 
fined in Fig. 2 experienced by a point single scattering model of Goldstein et al.® and 
beam of energy E (keV). From Table 1, (b) ote scattering model of Cliff and Lori- 
the single-scattering model should be mer. 


applicable to light element foils, but targets of intermediate and high atomic number 
should show deviation due to plural scattering. The value of b from Eq. (4) should be re- 
garded as a simple estimate of the beam broadening. By using this estimate, the analyst 
becomes aware of the minimum size of a structure that can be analyzed with expected matrix 
sampling errors less than 10% of the measured composition. However, b from this model 
gives no information on the distribution of electron trajectories within the scattering 
cone. Direct comparisons of this model with experimental intensity profiles can be mis- 
leading. In one case, the apparent discrepancy was erroneously taken as evidence of dimin- 
ished importance of beam broadening. 

The single-scattering model has been refined in two ways to improve its applicability 
to real measurements. Newbury and Myklebust described a numerical integration technique 
based upon a planar intersection with the scattering cone which gives a more accurate view 
of the geometric relationship between the broadening parameter and a simple boundary.® 
Hall et al. incorporated the broadening parameter of Eq. (4) in an intensity distribution 
equation which convolved the Gaussian distribution of the incident beam with the scattering 
distribution, on the assumption that it remained Gaussian during its passage through the 
foil.? For a light element foil, this is a reasonable assumption. 


Plural Seattering. Cliff and Lorimer have described a beam broadening model based on 
a description of plural scattering:}° 


ia ee x 10°29Z2Nomp esc 
P(e)? E2A 

where 09 is the screening parameter (09 = 3.69 x 107320. 33g-2) > P(@) is the probability for 
single scattering through an angle 8, and n is a parameter which describes the condition of 
plural scattering such that n = 2 when 25 scattering events have occured (the multiple- 
scattering transition) and n = ~ when one event has occurred (single-scattering transition). 
P(6) is taken as 0.1 to describe the cone of semi-angle @ which contains 90% of the scat- 
tering. The b parameter in Eq. (5) is defined at the midpoint of the foil, and so values 
from Eq. (5) should be doubled to obtain the cone dimensions at the bottom of the foil. 
From the data in Table 1, Eq. (5) should provide a better description of broadening for 
targets of intermediate and high atomic number. A disturbing feature of Eq. (5) is the 
fact that, as demonstrated by Cliff and Lorimer, substitution of n = 2 (i.e., the multiple 
scattering condition) in Eq. (5) results in an equation which is nearly identical to Eq. 

(4) for single scattering. This anomaly remains to be resolved. 


b = (5) 


Multtple Seattering. Doig et al. have described a model for beam broadening based on 
a multiple-scattering description of the angular distribution of the scattered electrons.1! 
In this case, the angular distribution is Gaussian, and these authors give the following 
equation for the intensity as a function of radial position r and depth t: 


I(r,t) = I,[(20* + @t?)]~lexp[-r7/ (207 + Bt*)] (6) 
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where I, is the total incident beam current, o is the standard deviation of the Gaussian 
beam distribution, and 8 is given by 


4Z2 500 
ane sae (7) 


From Table 1, it is expected that this model should only apply to thick foils of high atom- 
ic number elements at lower beam energies. 


Other Analytte Models. Doig et al. in an earlier paper described a beam broadening 
model based on an analogy to a radial diffusion equation: 


I(r,t) = 1, (4nD) (to + t)exp{-r?/[4D(to + t)]} (8) 


where D is a dispersion coefficient obtained from Monte Carlo calculations and tg is the 
initial beam width parameter. This diffusion model has come under severe criticism for 
several reasons, including the lack of a physical basis for establishing any analogy with 
thermal diffusion.!? Equation (8) predicts a t* dependence on thickness as compared to 
the t°/2 of the single scattering equation. We shall not consider the diffusion model 
further. 


Monte Carlo Electron Trajectory Stmulatton 


In the Monte Carlo electron trajectory simulation, the discrete electron paths through 
the foil are calculated in a stepwise fashion. The scattering is based on appropriate 
equations for the mean free path and the scattering angle is derived from the differential 
elastic scattering cross section. Details of adapting the Monte Carlo simulation to the 
case of a thin foil appropriate to the AEM have been described by Newbury and Myklebust!#?15 
and by Kyser. 16 The use of Monte Carlo simulations has been very popular and useful for 
the study of beam broadening.!3-1!9 In considering this work, it is worth noting that the 
term "Monte Carlo simulation" denotes a general technique and not a specific procedure. 
Thus, different authors have employed different details within their Monte Carlo simula- 
tions, such as Mott versus Rutherford cross sections,!9 discrete inelastic scattering versus 
continuous energy loss (Bethe formula), various screening parameters, and others. Most of 
these differences can be determined from the description of the simulation provided by the 
authors. However, there are many fine details that bear on the ways in which the step-by- 
step trajectory simulation is carried out. These details are rarely reported though they 
can significantly affect the results. For example, the exact way in which a boundary is 
introduced into the calculation can have an effect on the final outcome and make comparison 
of results among different similations difficult. The great strength of the Monte Carlo 
simulation is the capability of introducing into the calculation any sample/beam geometry 
desired. The weakness is the necessity of making extensive calculations, since each new 
situation, e.g., each beam position along a profile, must be recalculated. Often, 25 000 
trajectories per point must be calculated, with the consequent computer costs. 


Discusston 


A comprehensive comparison of this diverse collection of models for beam broadening has 
not yet been carried out. However, it is possible to make a first-order comparison since 
all the authors have conveniently reported calculations for beam broadening in foils of 
aluminum, copper, and gold of approximately 100 nm thickness. These results have been col- 
lected in Table 3 and have been reduced to a common basis, namely the diameter of the base 
of the scattering cone that contains 90% of the electrons. The results are quite surpris- 
ing. Despite the wide range of physical bases, the models produce similar values of the 
broadening parameter. Thus, for the relatively strong scattering situation of 100 nm of 
gold, the values produced by the analytic models and Monte Carlo simulations span a range 
of only 30%. The largest variation occurs for the relatively weak scattering situation of 
100 nm of aluminum, where a factor of three in range is found, with multiple scattering 
yielding the smallest value. Clearly, the constraints that have been placed on the models 
serve to minimize the differences in the physical bases of the models, which would not be 
expected to correspond so closely. In reality, all these models are modifications of single 
scattering and are strongly influenced by this characteristic. The choice of a "right" 
model is somewhat ambiguous and will require construction of carefully designed experiments 
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to sort out differences in the models. 


TABLE 3.--Beam spreading from a point beam in thin 
foils: Broadening parameter (nm). 


Al Cu Au 
Model =~ = ve 
Single® 8.1 214 48.9 
Plural 10*«* 17.4 24.8 36.6 
Multiple?! 6.0 17.0 38.0 
Monte Carlo!" 7.6 Ly o WOE tee 
Monte Carlo?® 9.0 16.0 38.0 Conditions: 100nm foil, 100keV point beam. 


*Broadening parameter defined as diameter 
of scattering cone base containing 90% of 
electrons. 

**Results scaled to 100nm thickness. 
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LOCALIZATION IN THE ORIENTATION DEPENDENCE OF X-RAY AND ENERGY LOSS SPECTRA 


A. J. Bourdillon 


The Borrman' effect, first observed in x-ray scattering, occurs also in electron scatter- 
ing and is due to channeling of elastically scattered particles in the atomic planes of a 
crystalline lattice. Such channeling belongs to the mainstream of studies involving elec- 
tron imaging in a transmission electron microscope. The effect can cause serious errors 
in microanalysis by energy-dispersive spectroscopy (EDS) ;7>° though it can also be posi- 
tively used, for example, to identify interstitial positions of atomic species, o or; 
asa fundamental feature of transmission electron microscopy, to gain understanding of 
quantitative electron energy-loss spectroscopy’ (EELS) and of localization in electron 
scattering. 

When a crystalline foil in an electron microscope is rocked about the Laue condition 
for a low-index diffraction plane there is generally found to be an increase in absorp- 
tion as it is tilted from beyond the Bragg condition to the symmetric Laue condition. 

In monatomic systems, such as nickel and germaniun, Hall® has correlated his observations 
with calculations based on an independent Block-wave approach, and Cherns, Howie, Jacobs® 
were able to give a better description of the thickness dependence of similar results by 
taking into account Block-wave summations. In compound systems and ordered alloys, 
although the absorption tends again to increase when the foil is rotated towards the 
Laue condition, the different potentials at the sites of the different atomic species 
tend to cause different local current intensities that result in one species absorbing 
more strongly than another. Bourdillon, Self, and Stobbs* measured the change of ratio 
of Cu to Pt x-ray emission intensities as an ordered alloy was rotated about 111, 113 
and 331 Bragg conditions, and correlated their results convincingly with Block-wave cal- 
culations using a systematic row of thirteen summed beams. They found ratios of count 
rates varying by 45% depending on the crystal orientation adopted (Figure 1), whereas 
calculations showed that much larger variations are to be expected in foils thinner than 
thoseactually studied. 

In routine microanalysis one can reduce these variations by insuring that measure- 
ments are taken away from low-index Bragg conditions and also, where probe size can be 
sacrificed, by using probes of high convergence (i.e., larger than the Bragg angle), 
which will tend to average out the fluctuations. The convergence used in the measure- 
ments of Figure 1 was 1/5 of the Bragg angle, which is less than that of a typical 
STEM probe. These procedures are important since corrections are difficult to make. Non- 
systematics have an effect on the absorption that is extremely difficult to calculate, 
and the absorption ratios are sensitive to foil thickness, the absorption rate (computed 
using a complex potential), the atomic potentials, crystal structure and defects, and 
the temperature of the foil. (Extraction replicas can rise several hundred degrees 
under an electron beam.) On the other hand, the ratio of emission rates of foils con- 
taining solid solutions should be unaffected by the Borrman effect, but behave as shown 
by the dotted line in Fig. 1. There has also been some doubt? about the localization 
of the electron interaction which, if it is larger than the crystal lattice spacing, 
tends to reduce the orientation effects. The following calculations are an attempt to 
give an improved description of the impact parameter, first independently of scattering 
angle effects, and second by comparison with Rutherford scattering. 


Localtzed Effects 


a. From time-dependent perturbation theory. In conventional scattering experiments 


The author is at the Department of Metallurgy and Materials Science, University of 
Cambridge, England. 
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Cu Ky, / Pt Ly 


Ratio 


FIG 1.--Measured ratios of Cu Ka to Pt La 
peak intensities at tilts around Bragg 


111, 113 and 331 conditions for films FIG. 2.--Calculated values of f (see 
of thickness 6131, 38111, and 48111, text), derived from P(Ké + cai as 
respectively. Dotted line shows ratio at function of cutoff radius. Dotted line 
113 condition when superlattice is not shows effect of ignoring term in Ki, 
evident. Orientation is expressed in arrows show cutoff radii for shells 
multiples of basic reciprocal lattice measured in Ref. 7. 


(not superlattice) vector. A value of 

1 corresponds to Bragg condition being 

satisfied for this lattice vector. (Cour- 

tesy Phil. Mag.) 

the impact parameter is not observed since the detector is placed far away from the scat-~- 
terer and what happens in its immediate vicinity is not measured. From semiclassical 
time-dependent perturbation theory,''*'* the probability for exciting an atomic elec- 
tron state i to an optically allowed state j, by a passing fast electron in an 
approximately nonrelativistic rectilinear orbit, with velocity v and impact parameter 
b, may be written 


Path) ee shee 87[Ky (8) + Ki (8)] (1) 
e~e Ul SR ee ea oe NOL + 1 
ji (4mre hn) ° Ps bv)” 


where Ry = rl, (x) erew, (x) d?r|? 


summing over the degenerate states of the initial and final levels, 8 = bAE/fiv, and 
AE is the energy loss suffered by the incident electron; K, and K, are modified 
Bessel functions and Q; is the statistical weight of level i. 
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The distribution of Eq. (1) can he used to obtain an expectation value for the 
impact parameter of the form 


ey. cv 
(bh) = AE 


+ o£ 


where f is a factor that may be numerically calculated provided a cut-off plateau is 
substituted for P(K, + K, ), where 8B < Be and £B. represents the finite size of 

Wj. Calculated values of f£ as a function of B, are shown in Fig. 2, including 
values for some ground state shells whose size is taken from calculated Slater orbitals,*? 
and also a more elementary value previously described, where the change in |k| vector 

of the scattering particle was ignored. 

These results imply that in EDS measurements that typically involve energy losses 
of more than 1 kV, orientation effects are normally to be expected. However, measure- 
ments have been conducted at lower energies by EELS in order to check this theory. 

The impact parameter applicable to EELS differs from that in EDS in three important 
respects. In the former, energy losses tend to be smaller, collection angles are 
defined, and energy windows are defined. These factors have been previously discussed, : 
and the energy dependence was found to be generally consistent with experiment.’ The 
importance of the second factor is consistent with the classical result that small 
impact parameters imply large scattering angles. Thus a defined collection angle imposes 
a lower limit on b whose dependence on the scattering angle © may be calculated from 
classical Rutherford scattering formulas. 


b. From Rutherford Scattering. Here, 


2 
€ 


b= == cot. 0/2 
Ate ,m'v 
where m' is the reduced electronic mass and €, the permittivity of free space. 

For a given axial collection angle 6,, the. expectation value ‘6), can,be > 1415 
calculated from the well known probability distribution proportional to. 6/(O + ONE ) 
where Onn AE/mv*. Thus 

2 2 2 

(8) = [o. - OAR arc tan (6/8, 1/en[ (6, + OAR )/8 jp.) 


whence ‘b) may be derived (Fig. 3) for the specific case of an energy loss of 500 eV, 
less than less detailed previous estimates.* These calculations are consistent with 
our experimental findings, in which EELS orientation effects showed little change when 
the collection semi-angle was varied between 25 and 5 mrad for the TiL(456 eV) edge. 

In conclusion, although results available at present are reasonably consistent 
with theoretical considerations, continued effort should make it possible to measure the 
impact parameter more precisely by means of EELS in spite of the difficulties involved in 
disentangling elastic from inelastic effects. A knowledge of this parameter is of im- 
portance not only to microanalysis and EELS, but also to a variety of related studies 
including fine structure studies and Compton scattering. 
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BEAM BROADENING IN A STRONGLY SCATTERING TARGET IN THE ANALYTICAL ELECTRON MICROSCOPE 
A. D. Romig Jr., D. E. Newbury, and R. L. Myklebust 


Beam broadening has been studied in alloys of uranium-niobium and uranium-molybdenum. 
Profiles have been measured across interphase boundaries for which the solute element is 
located exclusively in one phase. Experimental measurements have been compared with cal- 
culated profiles obtained with a Monte Carlo electron trajectory simulation. Good agree- 
ment is obtained in the immediate region of the boundary. A long low intensity tail is 
indicated by the calculations but this tail is not observed experimentally. Studies of 
the effect of varying specimen and beam parameters indicate the difficulty in obtaining 
accurate experimental profiles. Uncertainties of the order of +10% in these parameters 
produce measurable effects. 

The problem of evaluating beam broadening in thin foils analyzed in the analytical 
electron microscope (AEM) has been studied by mean of both theoretical and experimental 
approaches.!»* The experiments reported to date have been carried out on materials of 
low to intermediate atomic number, including TiC? Fe-15% Ni,* various steels,° ’ MgO with 
an Fe grain boundary enrichment ,®°9 and silicon with a gold tracer.!% Beam broadening is 
a direct result of elastic scattering, and the elastic scattering cross section increases 
with the square of the atomic number (cg « 2%). It should therefore be interesting to ex- 
amine beam broadening in a situation of strong scattering in a high-atomic-number matrix. 
For this purpose, we have chosen to examine interphase boundaries in uranium-niobium and 
uranium molybdenum alloys. The properties of these alloys are summarized in Table 1. 

Both alloys contain two phases which consist of a matrix of essentially pure uranium and 

a second phase in which all the solute resides, and forms an intermetallic compound in the 
U-Mo system (U»Mo) and a solid solution in the U-Nb system. The densities of all three 
phases are high and the solute is present at a level of approximately 15 wt.% in the sec- 
ond phase. The electron scattering powers are thus similar on both sides of the interface. 
Since the solute element is located exclusively in one phase, it provides a sharp change 
in signal at the boundary which is useful in evaluating the tail of the scattering 
distribution. 


Expertmental Procedure 


Alloys were prepared by induction melting of the pure elements (99.9% purity), vacuum 
arc remelting, upset forging, and cross rolling. Heat treatments are listed in Table 1. 
The lamellar structure which is obtained in both alloys is shown for U-2 wt.% Mo in the 
scanning electron micrograph of Fig. 1. The techniques employed for sample preparation 
for the AEM included electropolishing and have been described previously. 

The configuration of the AEM included an energy-dispersive x-ray spectrometer at 90° 
to the beam, which necessitated tilting the specimen to 45° to obtain a satisfactory x-ray 
take-of angle (45°). The interphase boundary was carefully oriented parallel to the beam 
and facing the detector. A beam 18 nm in diameter (calculated from manufacturer's data) 
was traversed in 10nm steps from -100 nm to +100 nm across the boundary. Approximately 
10 000 counts were accumulated in the Ka x-ray peak of the solute element when the beam 
was located within the second phase. With replicate determinations, this count level 
yields a statistical uncertainty of o = 1% in this intensity (I_solute-2nd phase). The 
intensity ratios across the profile were calculated as ratio = Isolute/!solute-2nd phase. 
When the normalized intensity ratio fell to 0.1, the uncertainty increased to approxi- 


Author Romig is a member of the technical staff of Sandia National Laboratory, Box 
5800, Albuquerque, NM 87185; authors Newbury and Myklebust are with the Center for Analy- 
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TABLE 1.--Alloy phase data. 


Uranium - Niobium (alloy composition U - 6 weight % Nb) 


a - pure U (density 19.05 g/cc) 
y - U - 12 weight % NB (density 16.60 g/cc) solid solution 
Heat treatment: 850 °C for 1 hour; furnace cool to 


600 °C, hold 2 hours at 600 °C; 
water quench. 


Uranium - Molybdenum (alloy composition U - 2 weight % Mo) 
a - pure U (density 19.05 g/cc) 


6 - U,Mo (density 16.63 g/cc) intermetallic compound; 
U = 83.2 weight %; Mo = 16.8 weight % 


Heat treatment: 850 °C for 1 hour; furnace cool to 
450 °C; hold 2 hours at 450 °C; 
water quench 


FIG. 1.--Structure of U-Mo alloy produced by heat treatment described in Table 1. 
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mately o = 4%, and at a ratio of 0.01, the uncertainty increased to o = 10%. Peak inten- 
sity values were separated from spectral background by means of a digital filter. Inter- 
fering minor uranium L peaks were stripped from the Nb Ka peak by an empirical technique 
described previously.44 The thickness of the foil was determined by means of two indepen- 
dent techniques: (1) the contamination spot method and (2) an x-ray absorption method. 2 
The absorption technique is based on a solution of the equation: 


A B 
Gio) fait : - exp (w/e | rec csc pp ° e 
= 


Tab : a z 
spec l= exp: (-u/0 spec so We t) 


where I is the measured intensity, kag is the Cliff-Lorimer sensitivity factor determined 
on a known standard, u/p is the mass absorption coefficient for the constituent in the 
specified phase, p is the take-off angle, C is the concentration, A and B denote two ele 
ments, and t is the thickness. For a measured Ia/Ip value Eq. (1) is solved iteratively 
for t until (I,/Ip) cate = (Ip,/Ip)™&4S. Thicknesses calculated with Eq. (1) were found to 
agree with thicknesses determined by the contamination spot method within 10%. The phases 
were found to polish nearly identically, so that virtually no change in thickness occurred 
across the interface. 


Monte Carlo Electron Trajectory Calculattons 


A comprehensive Monte Carlo electron trajectory simulation adapted specifically to the 
case of planar boundaries in thin foils was used to calculate intensity profiles across 
interphase boundaries.!+>!> The details of this Monte Carlo procedure, which employs a 
screened Rutherford cross section for elastic scattering, have been previously de- 
scribed.!*>!5 A Gaussian intensity profile across the beam was assumed,aand the beam di- 
ameter was calculated to be 18 nm from the instrument manufacturer's data. On the assump- 
tion that this beam contained 80% of the total flux, a standard deviation o could be cal- 
culated for the Gaussian beam. The extent of the calculated beam was taken to +40 of this 
distribution. The intensity calculated for the solute element at each location was nor- 
malized with the intensity calculated in the pure second phase, e.g., UgMo or U-12%Nb. 

At each point in the profile, 25 000 electron trajectories were calculated. The re- 
producibility of the calculation was estimated by replication of calculations for identi- 
cal conditions of beam position and sample parameters but with different random number 
sequences. When the beam position was located such that the calculated intensity ratio 
was 0.1, the standard deviation of six calculations was 2.3%. 


Dtseusston 


The experimental and calculated profiles are compared for the two alloy systems at two 
different thicknesses in Tables 2A, 2B (U-Nb) and 3A, 3B (U-Mo). In general, the agree- 
ment between the calculated and measured profiles is satisfactory. For thin samples more 
scatter is noted; this scatter may result from differences in sample thickness. The cal- 
culation follows the measured value in the immediate region of the boundary. The calcu- 
lated profiles show a long tail in the low-intensity region that is not observed experi- 
mentally. Considering the difficulty in measuring relative intensities at a level of 
1-2%, it is perhaps not surprising that this tail is not observed. We believe this calcu- 
lated tail is a real effect that might be detected with longer accumulation times. 

Monte Carlo calculations can also be used to study the effect of deviations in the 
values of beam and foil parameters. Table 4 contains the results for conditions of one 
foil composition and thickness and one beam location as the following parameters are 
varied: beam size (+3 nm); beam position (+2.5 nm); sample thickness (+10 nm); and differ- 
ences in the sample thickness (+10 nm) between the reference location in the pure phase 
used for profile normalization and the beam location along the profile. Substantial de- 
Viations from the nominal value of the ratio are observed as beam and specimen parameters 
are varied. Variations in beam position and sample thickness produce especially large de- 
viations. It is thus not surprising that occasional deviations between experimental and 
calculated values are noted. Table 4 reveals the need for careful experimental work 
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TABLE 2.--Intensity profile across an a/y interface in U-Nb; E = 100 kV, beam = 18 nm; ratios 


are of Le olute/! 


solute-2nd phase’ 
(A) t = 60 nm (B) t = 110 nm 


Position (nm) Measured ratio |caTcutatec ratio 


Position (nn) feasured ratio feateutates ratio 


TABLE 3.--Intensity profile across an a/é interface in U-Mo; E= 100 kV, beam = 18 nm; ratios 


are of I /I 


solute’ solute-2nd phase’ 


(A) t = 55 nm (B) t = 115 nm 


(nm) 
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if accurate profiles are to be obtained. 


Conelustons 


Beam spreading in strongly scattering foils can be modeled with reasonable accuracy 
with the Monte Carlo electron trajectory simulation. Parameter variation studies suggest 
that errors of the order of +10% in critical parameters, such as thickness, beam size, and 
beam position, will substantially affect measured profiles. 
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TABLE 4.--Effect of variation in sample and beam parameters on calculated intensity ratios. 


Nominal Condittons 
Composition, U/U-12 Nb; thickness, 110 nm; beam location, -10 nm (in U-NB phase); beam 


diameter, 18 nm; calculated Typ/ ‘yb (pure-2nd phase) = 0.826. 


Variations in Beam Stze 
15 nm, ratio = 0.833; 25 nm, ratio = 0.818. 


Variations in Beam Position 
-7.5 nm, ratio = 0.779; -12.5 nm, ratio 0.856. 


Variations in Sample Thickness 


Thickness identical at beam position and at reference point: 
100 nm, ratio = 0.863; 120 nm, ratio = 0.810. 


Reference thickness = 110 nm: 
100 nm, ratio = 0.779; 120 nm, ratio = 0.887. 
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SPECIMEN PREPARATION LIMITATIONS IN QUANTITATIVE THIN FOIL MICROANALYSIS 
H. L. Fraser and J. P. McCarthy 


The limitations of specimen preparation techniques in quantitative microchemical analysis 

of thin foils is considered. An example of such limitations is given for the case of elec- 
tropolished Ni-base alloys. In particular, the surface layers that form as a result of this 
prepration technique have been studied. It is shown that the presence of these films causes 
serious errors in quantitation of x-ray microanalytical data since their compositions are 
usually somewhat different from that of the specimen itself. Attempts have been made to re- 
move the films by Ar ion sputtering; although these experiments are not yet complete, it ap- 
pears that this technique may indeed reduce the errors involved in analysis arising from 
this phenomenon. 

In general, thin foils of bulk metallic specimens are prepared by either electropolish- 
ing, chemical, or ion-milling techniques. Although foils suitable for imaging in transmis- 
sion are produced in this way, it appears that the surfaces of prepared specimens are not 
typical of the bulk material of interest.!»* The presence of surface layers having composi- 
tions different from that of the underlying specimen may cause large errors during quantifi- 
cation of intensity data. Thus, it is generally accepted that microchemical determinations 
by scanning transmission electron microscopy (STEM) coupled with either energy dispersive 
X-ray spectroscopy (EDS) and/or electron energy loss spectroscopy (ELS) should be effected 
in as thin a foil as possible. The reasons include maximizing the x-ray spatial resolution 
of EDS, which is degraded by beam spreading in thick sections, and reducing the extent of 
plural scattering in ELS. The nature of these surface films differ according to the prepar- 
ation technique used and the materials being studied. In the interest of brevity, this pa- 
per considers the problems associated with electropolishing by giving an example taken from 
a recent study of quantitation of thin foils of B-NiAl, an ordered intermetallic compound, 
and a multiphase Ni-base superalloy. 


Surface Layers on B-NtAl 


Thin disks were cut from well-characterized single crystal of B-NiAl of composition 50.4 
at.%Al, and were electropolished in a 10% perchloric acid/methanol solution at 0°C with an 
applied voltage of about 30 V. Measurements were made of the ratio of intensities of the 
Ni Ka to Al Ka peaks in foil less than 900 RK thick, i.e., sufficiently thin so that x-ray 
absorption effects may be ignored, At an accelerating voltage of 120 kV, the average value 
of the measured intensity ratio was 

Ty /4ay = 1.87 + 0.05 
experimental 

A recent contribution concerning the use of pure elemental standards has shown that re- 
liable standards exist for the case of Ni and Al (electropolished Ni, and rapidly solidified 
Al powers) .! Since intensity/thickness values were obtained on the same electron microscope 
used in the present study, they may be applied directly in the analysis of the intensity da- 
ta derived for 8-NiAl. Thus, if the composition of the B-NiAl compound is known, the in- 
tensity ratio, determined experimentally above, may be deduced from the standards. The 
value obtained is given by 


Author Fraser is with the Department of Metallurgy, University of Illinois, Urbana, IL 
61801. Author McCarthy is with the United Technologies Research Center, East Hartford, CT 
06108. The work was supported in part by the DOE (contract DE ACO2 76ER1198) and the 
United Technologies Research Center. Stimulating discussions with M. H. Loretto and J. M. 
Brown are gratefully acknowledged. 
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ere gl = 2.18 + 0.07 
Nene standards 

The difference between the two sets of results may be accounted for in the following 
manner. Suppose there are thin surface layers of Alj03 on the foil of B-NiAl; the data 
from the standards He then be used to calculate the expected intensity ratio. For ex- 
ample, on a foil 900 A thick, the difference in the intensity ratios given above imply an 
oxide layer of about 57 A. To verify this deduction independently, Auger electron spec- 
troscopy (AES) was used coupled with Ar ion sputtering to permit a depth profile of the 
surface of electropolished 8-NiAl to be determined. The results are given in Fig. 1, where 
it is clear that there is indeed a significant surface layer rich in Al. On the basis of 
sputtering yields for Alj03, this surface layer is found to be 60-100 K thick. The agree- 
ment between the results of these two independent determinations should be noted. It is 
concluded, then, that a thin Al-rich oxide layer exists on the surfaces of electropolished 
8-NiAl, the presence of which causes an error of approximately 13% to be introduced into 
the quantitative analysis procedures. 


Surface Layers on Nt-base Superalloys 


A large number of electropolished Ni-base superalloys, of widely differing compositions, 
has been examined regarding the possibility of surface films. The results of experiments 
aimed at determining the presence and effect of such films were essentially identical in 
all alloys studied, so that the following discussion will be limited to the case of one 
alloy, Ni-13A1-9Mo-2Ta, whose behavior is considered typical. 

Figure 1 shows the two 
phase (y/y') structure of an 
as-electropolished sample. The 
crystal has been oriented such 
that the electron beam is close 
to the <001> direction, and the 
corresponding diffraction pat- 
tern is shown in Fig. 3. 
Clearly visible are both the 
fundamental and Ll» superlat- 
tice reflections. After approx- 
imately 20 min exposure to the 
electron beam (current density 
of about 20 A/cm*), a large num- 
ber of very small (<100 R) pre- 
cipitates have formed on the 
surfaces of the foil (Fig. 4). 
The corresponding diffraction 
pattern (Fig. 5) reveals the 
presence of a number of rings, 
which are consistent with a 
polycrystalline assembly of the 
compound Al3Niy. The origin of 
these small phases of Al3Ni9 is 

SPUTTER TIME (min) not known, but it is reasonable 
to assume that beam heating has 
FIG. 1.--Depth profile for the surface of electropolished permitted the compound to pre- 
B-NiAl produced using Auger electron spectroscopy and Ar cipitate from the surface film 
ion sputtering. that results from electropolish- 
ing. The Al3Ni2 appears to be 
rather stable even in the pres- 
ence of the oxide. 

The effect that such a surface layer might have concerning quantification of x-ray data 
may be estimated by a simple calculation for the phase Ni3Al. Thus, for a 900A-thick foil 
of Ni3Al with Al3Niy surface layers about 60 R thick with the data from the pure elemental 
standards discussed above, the following intensity ratios may be calculated. 
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FIG, 2.--y/y' distribution in an as- FIG, 3.--Diffraction pattern corresponding 
electropolished Ni-base superalloy. Ac- to the micrograph shown in Fig. 2. Beam 
celerating voltage 120 kV. direction near <001>. 


FIG. 4.--Same area as shown in Fig. 2 after FIG. 5.--Diffraction pattern corresponding 
20 mins exposure to the electron beam (ac- to the micrograph shown in Fig. 4. 
celerating voltage 120 kV, kV, current 

density ~ 20 amps/cm*) . 


Loo flies = 5.52 
Ne including film 


I JT, = 6.55 
without film 


This is an approximately 16% change in apparent chemistry, which is clearly unacceptable. 
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Removal of Surface Layers 


Two methods of reducing the extent of surface films are being investigated at present. 
First, various polishing solutions are being used as an alternative to the highly oxidiz- 
ing perchloric acid-based solutions; and second, AES coupled with Ar ion sputtering is be- 
ing used in an attempt to remove the films following preparation. Regarding the former, 
there has been little or no significant reduction in the surface films that result when 
using alternative solutions. Consequently, emphasis has been placed on the removal of 
these films by sputtering. Thin foils which had been exposed to the electron beam so that 
the Al3Nion precipitates had developed were placed in an AES instrument (Physical Electron- 
ics 595) and each of the surfaces were sputtered for about 10 min. From the sputtering 
yields for Al203, this length of sputtering would correspond to about 500 RK, so that it was 
expected that the surface films would have been removed. Moreover, the chemistries deduced 
for the Ni and Al appeared to be typical of the bulk material. However, when introduced in- 
to the electron microscopy once again, though their number and extent had been reduced, the 
small precipitates of Al3Nig were still visible; the rings in the diffraction pattern were 
very much reduced in intensity and were also somewhat diffuse. Apparently, the sputtering 
treatment was not sufficient to remove the surface layers completely, and further work in 
this direction is being performed. 


Conelustons 


The present study has shown that significant surface films exist on electropolished al- 
loys whose composition includes Ni and Al. These films introduce large errors in quantifi- 
cation of microchemical data. It is important that methods of reducing the possibility of 
surface layer formation or removal of surface layers after thin foil preparation be estab- 
lished. It has been shown that Ar ion sputtering may partially remove these layers; further 
work is in progress aimed at assessing whether this technique may indeed be used to remove 
this artifact successfully. 
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J-13 
AEM: Research Topics in EELS 


LIGHT-ELEMENT ANALYSIS BY XEDS AND EELS 
N. J. Zaluzec 


The coupling of computer-based data acquisition and processing systems with modern x-ray 
energy-dispersive and electron energy loss spectrometers (XEDS, EELS) on an analytical 
electron microscope gives today's experimentalist an extremely powerful tool for micro- 
characterization. In order fully to appreciate and make use of all the potentials of this 
instrumentation it is essential that one understand the limitations of XEDS and EELS with 
respect to microanalysis. This presentation considered thin film quantification, absorp- 
tion and multiple scattering corrections, spectral resolution, detectability limits, and 
heterogeneous specimen microanalysis, as they relate to light-element analysis. 


The author is with Argonne National Laboratory, Materials Science Division, Argonne, 
IL 60439. 
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PROCESSING ELECTRON ENERGY LOSS SPECTRA 
D. C. Joy 


Electron energy loss spectra are now conventionally stored by being read into a multi- 
channel analyzer (MCA) operated in sequential mode, as such a scheme is both convenient 
and efficient. However, although modern MCAs are well equipped to perform the mani- 
pulations (e.g., smoothing, background fitting, peak stripping, etc.) necessary to obtain 
both qualitative and quantitative data from energy-dispersive x-ray (EDS) spectra, few 
commercial machines offer any facilities specifically provided for electron energy loss 
(ELS) operation. The purpose of this paper is to describe some spectral processing 
techniques suitable for use with ELS spectra. 


EDS and ELS Spectra 


Figure 1 compares the EDS (a) and the ELS (b) spectra obtained simultaneously from 
the same area of sample, in this case a biological thin section. The spectra were 
recorded for an acquisition time of 100 s and both contain 1024 channels. The differ- 
ences between the two spectra are very evident. The EDS trace is dominated by peaks 
(Iron, Kg and Ky and smaller peaks from Al and Si, together with an escape peak from the 
iron) which are superimposed on the slowly varying bremsstrahlung background. Since the 
peaks are Gaussian in shape they are readily distinguished from random counting noise of 
the background. The ELS spectrum, on the other hand, is dominated by the zero-loss peak 
at the left hand edge of the spectrum, beyond which the spectral intensity falls rapidly 
with increasing energy loss; the total change in signal intensity between the zero-loss 
and 700 eV loss is in excess of 5000 times. Apart from the very strong carbon K-edge at 
284 eV, the other inner shell ionization edges (N at 400 eV, 0 at 532 eV, and Fe L23 at 
700 eV) are barely distinguishable from the background, since they are much lower in 
magnitude than the local background intensity, and have a shape similar in form to the 
variation of the background signal with energy loss, Unlike EDS, therefore, where the 
background can be ignored for most qualitative purposes and modeled approximately for many 
quantitative purposes, an essential first step in almost any ELS analysis is the removal 
of the background. Once the background has been accounted for, the other operations 
necessary for the recognition or quanitation of the edge become possible. 


Background Fitting 


Modeling the background in the EDS spectrum is made easier by the facts that both 
sides of the peak are accessible and that the peak-to-background ratio is relatively 
large. Except in cases where the highest accuracy is required, simple linear interpola- 
tions underneath the peak are thus possible. In the ELS spectrum only the low energy 
loss side of the edge is accessible, and past the onset of the edge the intensity is 
always higher than it would have been in the absence of the edge. Consequently no inter- 
polation is possible, and the calculated background must be extrapolated beneath the 
edge. Second, because the jump ratio (maximum to minimum height) of the edge is 
typically close to unity, the result of the stripping of the background is a small 
difference between two large numbers, and its statistics much poorer than that of the 
original spectrum. Under most experimental conditions the background intensity I(E) 
varies with the energy loss E such that: 


r 


I(E) = AE~ (1) 


Author D. C. Joy is with Bell Laboratories, Murray Hill, NJ 07974. 
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i, where A and r are constants 
| across a limited region of 
| the spectrum. ’ The appro- 
priate values for A andr 
can be found in several 
ways. If we take the lo- 
garithms of Eq. (1) we 
obtain a linear log-log 
relation from which the 

| values of A and r may be 

| found by the standard for- 
mulas for linear regression, 
a process that can be 

| carried out in a few se- 
conds on a minicomputer.* 
Alternatively, in a method 
due to Egerton,® the region 
of the background to be 
fitted is divided into two 
equal areas and a simple 
pair of algebraic relations 


X Ray Energy kev then gives the desired va- 
jues of A and r. In either 
(a) case one can judge the 


accuracy of the fit visually 
by superimposing the com- 
| puted fit over the original 
data. Through the fitted 
region any divergence be- 
tween the fitted and the 
original data is easily 
| detected even though the er- 
ror is usually comparable 
| with the channel-to-channel 
f noise. Beyond the edge 
| onset, however, one can 
examine the accuracy of the 
extrapolation only by 
checking that the background 
| does not intersect the 
measured data but rather 
asymptotically approaches 
| it. Both methods give good 
| results even in the pre- 
— —_ —— aon = Sis ——_| sence of noisy data, but the 
best results will always be 
° LOSS eV 700 obtained for the best spec- 
trum statistics and the 


Signal 


(b) widest fitting region. Al- 
though the form of Eq. (1) 
FIG. 1.--(a) EDS spectrum and (b) corresponding is applicable over most of 
ELS spectrum acquired simultaneously from the inner shell loss energy 
same area of thin biological section; spectra range, there are conditions 
were recorded at 100 keV in 100 s; each con- when the approximation is 
tains 1024 channels. unsatisfactory, as for 


example in the presence of 
instrumental scattering 
artifacts, plural scattering, or when edges are overlapped. In such cases the options 
are: try to account analytically for the deviations from the form of Eq. (1) by adding 
polynomial or other functional terms to the equation,” minimize the deviations by a prior 
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processing of the spectrum such as deconvolution (to remove the effects of plural 
scattering), or try to eliminate the problem by some quite different approach such as 
the use of direct spectrum modeling (for overlapped edges). 


Smoothing 


Smoothing a spectrum is a cosmetic operation which, though it does not enhance the 
information content of the spectrum, does make it more visually pleasing and acceptable. 
Figure 2 shows a nitrogen edge, part of the spectrum of Fig. 1, after the background has 
been stripped. When presented in this expanded form the noise of the original data is 
magnified because of the removal of the large background component. Although this noise 
need not affect the accuracy of such operations as finding the integral beneath the edge, 
one often wants to reduce the scatter in the edge, for example for publication or 
comparison with other data, and so some form of smoothing is required. The signal 
processing conventionally fitted to EDS type MCAs smooths data by simple firmware or 
software algorithms, the most common of which is the "running n-point" smooth, some- 
times called a Savitsky-Golay digital filter. In this method, the smoothed intensity 
of channel m in the spectrum is represented as the weighted average of the channels from 
m- (n/2) to m+ (n/2). With an optimized choice of weighting coefficients such a 
smooth can be shown to be optimal in terms of its recovery of data from a noisy original. 
However, the performance of such filters is less than satisfactory when the spectrum is 
noisy, or when large changes of intensity occur over a few channels (as at the onset of 
a major edge). In particular, the effect of such a filter on a noisy spectrum is to 
introduce an instability in the data with a periodicity related to the number of points 
sampled in the smoothing algorithm. Figure 3 shows this effect in the seven-point 
running smooth of the spectrum of Fig. 2. The strong oscillations now visible past the 
edge are solely due to the smoothing operation. Although the integrated area under the 
edge is well preserved by this approach, clearly its distortion of the edge shape is 
unacceptable. An alternative approach is to operate on the spectrum in frequency space 
using a "Fourier" filter. Figure 4 shows the power spectrum (intensity vs frequency) of 
the data in Fig. 2. The intensity initially falls with increasing frequency but then 
reaches a plateau and begins to oscillate. The Fourier components beyond the frequency 
at which the power spectrum levels out contain mostly the noise counts of the spectrum 
(i.e., high-frequency terms); the details of the shape of the edge are carried in the low- 
frequency terms. One can reduce the noise by eliminating or reducing the amplitude of 
these high-frequency components. Figure 5 shows the edge of Fig. 2 after smoothing in 
this way. The routine used here first computes the Fourier components of the region to 
be smoothed, by use of a standard library transform program (FORIT). Fourier coeffi- 
cients coming from events with wavelengths of two channels or less are then modified 
by being multiplied by a function chosen so that each successive coefficient is smaller 
than the one that preceded it, with the highest frequency Fourier coefficient (repre- 
senting single channel "noise" events) set to zero. The modified Fourier coefficients 
are then transformed back to give the desired spectrum. This type of smooth gives both 
a good edge profile and freedom from the oscillations induced previously. Because the 
"wavelength" of edges in the ELS spectrum is long (i.e., low in frequency) compared 
with the usual noise signal, this kind of approach is generally very successful in 
cleaning up the data. Its main drawback is that it requires fairly large computing 
times. The smooth shown in Fig. 5, which contained 229 channels of data, required 1.2 
min on a PDP 11-03 minicomputer, and the time used increases about as the square of the 
number of channels included. With the advent of array processors, however, it should 
eventually be possible to perform this type of smoothing in times competitive with 
those now used for simple digital smooths. 


Edge Identification 


It has already been seen that the visibility of an edge in the ELS spectrum is 
relatively low. When the spectrum is also noisy then the task of positively distin- 
guishing an edge from noise, and subsequently using the edge for microanalysis, is very 
difficult. In the case of the EDS spectrum this job is simpler because the peaks have 
a known (constant) shape and the data can be quickly tested for the "goodness of fit" 
to a test Gaussian. In the ELS case the shape of an edge is neither constant nor 
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expressible in a simple analytical form. One solution to this problem is to calculate the 
approximate shape of the edge of interest, under the appropriate experimental parameters, 
by use of the hydrogenic models SIGMAK and SIGMAL due to Egerton.°’’ These models allow 
the form of the edge to be computed in a relatively short time (typically 15 to 20 s) and 
then displayed on the MCA at the correct energy loss and eV/channel. Although the con- 
stants used in these hydrogenic models were chosen to give the best agreement with the 
measured cross-section data rather than with the shape of the edge, the actual quality 

of the fit away from the onset region is surprisingly good.® Figures 6 and 7 show 
examples of some K- and L23-edges as calculated and displayed on the MCA. Figure 8 

shows how such calculated profiles are then used 
for edge verification and identification. The 
figure shows what was believed to be an oxygen 
edge in the spectrum of Fig. 1, although after 
background stripping the edge is so noisy that 
neither its onset nor shape are sufficiently 
well defined to allow an unambiguous identifi- 
cation to be made. The spectrum was recorded at 
100 keV with a 23 millirad acceptance angle, 


and stored at 0.46 eV/channel. With these and N calculated by SIGMAK for 
experimental parameters the oxygen K-edge pro- 100keV accelerating voltage and 15 
file predicted by the hydrogenic SIGMAK model milliradians acceptance angle; bars 
was calculated and displayed on the MCA screen represent SeV increments. 


starting at the correct channel for the theo- 
retical onset energy (532 eV). A window 

119 eV wide was then chosen, starting at 

532 eV, and the area under the theoretical 
edge was scaled so as to be equal to the 

area under the experimental spectrum, with 
the result shown. Visually it can be seen 
that the apparent agreement is good, with the 
SIGMAK profile following the noisy data well 
over the entire window; but a more sensitive 
measure of the fit is the "chi-squared" test. 
If there are N channels of data, and if 1, is 
the experimental point and I_ the intensity 
calculated for the same channel from the 
SIGMAK/SIGMAL model when normalized to give 
the same integral, then 


4 SIG} Toya (2) 


(93074153€-59 


The goodness of fit between the two profiles 


can then be judged by evaluation of this HYDROGENIC L -EDGES 

quantity and use of standard tables for the . 

chi-squared distribution. Here y* was FIG. 7.--L23-edge profiles of A1,51,Cl, 
22.86 for the 229 channels. The tables show Ca,V, and Zn computed by SIGMAL for 
that such a low value of y* would only be same conditions as those of Fig. 6. 


obtained on a random chance basis with a 1 in 
6 probability, so that there is indication with good certainty that this is indeed an oxygen 
K-edge. As a comparison a 119eV portion of the same spectral data can be checked against 
the next nearest common edge, the V Lo3 edge at 513 eV. Application of an identical pro- 
cedure to the one discussed above gives a x” value of 45.3, which indicates a 90% probabil- 
ity that random data would give as good a fit. Thus the test can both verify the existence 
of an edge and aid in its probable identification. The limit to the application of this 
approach is the quality of the edge profile model with which the experimental data are 
compared, and the quality of the experimental data. Although the computed profiles have 
the advantage of being available for any arbitrary set of experimental conditions, they 

are usually unable to predict the profile near to the edge onset region, A more desirable 
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approach would be to have 

access to a library of stan- 

dard edges, acquired under a 

variety of conditions, which 

could be used for the same 

| purpose; several laboratories 
are now producing such 

| libraries for distribution. 

In either case the result is 

influenced by plural scater- 

ing in the spectrum since 

that makes the experimental 

| edge profile dependent on the 

thickness of the sample and 

| makes the correspondence with 

| the test profile less exact. 


| Edge Overlaps 


Because electron energy 

| loss edges have substantial 

| intensity above background for 
| several hundred electron volts 
‘| past their onset, it is clear 

) that overlaps between edges 


500 600 700 will often be a problem. A 
LOSS eV typical example is shown in 
Fig. 9, where the spectrum 
FIG. 8.--Oxygen edge from data of Fig. i after from CaCO has severe over- 
background stripping, and SIGMAK profile computed lap between the C K-edge and 
for appropriate experimental conditions (100 keV, the Ca L23 edge. Even though 
23 milli-radians acceptance, and 0.46 eV/channel) in this case the two edges 
and normalized to the same integral for a window are separately identifiable, 
Of 119 eV; there would be no possibility 


of performing a quantitative 
analysis in this case because it would be impossible analytically to fit a background to 
the tail of the carbon edge. An approximate solution is to use a procedure of the type 
described above and find the optimum fit between the SIGMAK hydrogenic profile and the 


SIGNAL 


‘SIGMAK 


300 400 | oss ev 600 LOSS eV 600 
FIG. 9.--Part of energy loss spectrum for FIG. 10.--Spectrum of Fig. 9 together with 
CaCO3 after background is stripped ahead optimized carbon K-edge profile calculated 
of carbon edge and showsing C, Ca, and from SIGMAK to allow for stripping edge 
O edges. overlap. 


103 


experimental carbon edge. This profile can then be extrapolated under the calcium edge. 
The result of this operation is shown in Fig. 10; although the fit is not perfect, be- 
cause the goodness of fit can only be tested in a region of the carbon edge where plural 
scattering and fine structure effects are evident, it is sufficiently good to allow a 
quantitation to be obtained. The time taken for this operation is determined by the 
time taken to compute the SIGMAK/SIGMAL profile and optimize the "chi-squared" fitting 
parameter. The example shown here required about 3 min of computing time. An alter- 
native is again to use experimental library edges as the appropriate background. In 
many cases this procedure is advantageous because the library edge correctly accounts 
for the detailed edge shape features and the effects of plural scattering (which the 
computed profile omits); however, implementation of this option requires a comprehen- 
sive library and suitable sotftware to allow display at the correct screen scaling 
(eV/channel and total counts). Both techniques therefore have their uses, depending 

on the application in hand. 


Deconvolutton 


The energy loss spectrum is assumed to be the result of allowing each transmitted 
electron to be scattered once, and only once, before it leaves the sample. While such 
a single-scattering profile can be experimentally obtained from specimens whose thick- 
ness is a small fraction of the inelastic mean free path, in general in samples a 
few hundred angstroms thick and operating at 100 keV, a substantial fraction of the 
exiting electrons have been scattered more than once. The probability of any sequence 
of plural scattering events depends on the product of the cross sections for each kind 
of event. The most likely sequence is a multiple plasmon loss, since the plasmon has 
the highest cross section; the next most likely is a mixed scattering event, an inner 
shell loss followed by a plasmon loss or a plasmon loss followed by an inner shell 
excitation. Since each of these events has a different angular scattering distribution 
the effect of plural scattering is to convolute the spectrum with itself in both energy 
and angle. For small amounts of plural scattering the effect is not too severe (an 
increase in background level and the replication of plasmon peaks on top of the core 
loss structure), but for higher levels of scattering the shape of an edge can be 
drastically modified and backgrounds can become so distorted as to make a sensible fit 
impossible to obtain. Since several of the techniques described above depend for their 
operation on an accurate (and consistent) knowledge of the edge profile, it is clearly 
desirable to be able to account for the effects of plural scattering. In addition, 
multiple scattering reduces the sensitivity of microanalysis by lowering the visibility 
of edges, and degrades the accuracy of any quantitation that is performed. 

A complete deconvolution involves operations in both energy and angular space, and 
is far too lengthy for practical purposes. However, if a sufficiently large collection 
angle into the spectrometer is used then a deconvolution in energy alone is of high 
enough accuracy. One can then recover the true single-scattering spectrum from the 
experimental spectrum by taking the logarithm of the Fourier components and performing 
the inverse transform.’ This spectrum obtained in this way is ideally suited for micro- 
analytical purposes because it is independent of the sample thickness and has an enhanced 
edge-to-background ratio.’° But from a practical point of view there are several 
difficulties. First, the whole spectrum must be treated at one time, which typically 
involves 1024 channels of data. On computers not equipped with an array processor the 
time required for a Fourier transform varies as about the square of the number of points 
involved, so on a small system of the type fitted to an MCA (e.g., a PDP-1103) computa- 
tion times of 30 min or more are required. Second, in order to obtain adequate 
accuracy across the whole spectrum, which may have a dynamic range of 1000 to 1 or more, 
double precision arithmetic operations are required that result in a further increase 
in computational time. 

A simpler process can be used for the removal of the efects of mixed scattering 
(i.e., an inner shell loss preceded or followed by a plasmon loss) from the core loss 
profile. The inner shell edge A, after background stripping, is assumed to be the 
convolution of the single scattering edge profile B with the low loss spectrum Ga" 
Thus 


A=B#C (3) 
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where the "#'' symbol represents the convolution operation, In Fourier space Eq. (3) 
then becomes 


A=B*C (4) 


where ''~'' represents the Fourier transform, The desired single scattering profile can 
now be obtained by inversion of this equation to give 


~~ 


B = A/C (S) 


and performing the inverse transform. This method has the advantages that only a limited 
number of data channels need to be transformed, and that the dynamic range of the data 

is limited so that single-precision arithmetic can be used. Direct application of Eq. 5 
produces an unacceptably noisy result because of chance zeroes in the Fourier components 
of the low-loss spectrum.’° One way to eliminate this problem is to replace the zero- 
loss peak with a delta function of equal area, but this procedure has the drawback that 
distortion in the spectrum arising from a nonsymmetric instrument response function are 
then not removed by the deconvolution. Here the data are instead reconvoluted with a 
suitable function S which reduces or eliminates the effects of noise amplification. 

Thus: 


~ 


B = (A/C) - S (6) 


where S is a symmetric function we obtain by reflecting the high side of the zero loss 
peak about its center, which generates an idealized instrument response function with 
a resolution equal to that of the experimental data. Equal numbers of channels from 
low-loss spectrum and the stripped edge are Fourier transformed by standard library 
routines. The instrument response function S is then generated from the spectrum 

and Eq. (6) is used to form the Fourier coefficients for the deconvoluted spectrum. 
Before inversion a Fourier filter similar to that described above is used to minimize 
noise and random dropouts in the data. Figures 11 and 12 show a carbon K-edge, re- 
corded at 100 keV from a foil 450 A thick, before and after deconvolution. For 
comparison the computed SIGMAK edge profile for these experimental conditions is also 
shown. The effect of the deconvolution is to reduce the intensity beyond the edge 
onset (which indicates that much of it is due to plural scattering) and to increase 
the edge slope. The correspondance between the deconvoluted edge and the SIGMAK model 
is also much better than that between the original edge and the model. Thus, operations 


signal 
intensity 


280° 400 ev 
FIG. 11.--Carbon K-edge, after background FIG. 12.--Edge of Fig. 11 after de- 
stripping, recorded from sample 450 A thick; convolution against low-loss portion 
100 keV, acceptance angle 23 mrad. Corres- of spectrum; improved fit to corres- 
ponding SIGMAK profile is shown for ponding SIGMAK profile is also shown. 
comparison. 
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such as edge identification or peak overlap removal that rely on the use of computed, or 
library, edge profiles are improved if the spectrum is first deconvoluted. In addition 
the stability of a quantitation result is improved after deconvolution because of the 
improved match to the SIGMAK/SIGMAL profiles. 

A program of the type outlined here requires about 3 min of computing time on a 
small (PDP-1103) computer using standard library routines. A faster machine and more 
efficient algorithms would reduce this time still further and make deconvolution a 
practical part of a routine microanalysis and quanitation. 
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J-1.4 
AEM Contributed Papers 
THE EFFECTS OF SPHERICAL ABERRATION IN PROBE-FORMING LENSES ON PROBE SIZE, IMAGE RESOLU- 
TION, AND X-RAY SPATIAL RESOLUTION IN SCANNING TRANSMISSION ELECTRON MICROSCOPY 


Graham Cliff and P. B. Kenway 


It is accepted that image resolution and x-ray spatial resolution in bulk specimens 
examined in the scanning electron microscope (SEM) are different. This paper presents 
evidence that a difference in the two resolutions can also apply to thin specimens 
examined in a scanning transmission electron microscope (STEM) and that this difference 
is a result of spherical aberration in the probe forming lens. 

In 1966 Reed introduced the need to distinguish between image resolution as 
determined from image detail (<< 1 um) on the surface of a bulk specimen and x-ray 
spatial resolution which is determined by the spatial extent (> 1 um) of the volume 
within the specimen producing the x rays.’ The x-ray spatial resolution Qg in bulk 
specimens is much greater than the scanning image resolution q when examined in the 
SEM because electrons scattering in the bulk of the specimen generate x rays in a large 
volume beneath the surface (Fig. la). Image resolution is usually judged to depend on 
the probe size at the specimen surface: the smaller the probe, the better the image 
resolution. 

If the bulk of the specimen is removed and a thin foil examined in the STEM it is 
assumed that the x-ray spatial resolution and image resolution are comparable (Fig. 1b). 
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FIG. 1.--Electron scattering and x-ray 
generating volumes in bulk and thin-foil 
specimens: (a) bulk specimen, electron 
scattering diameter Qp much greater than 
beam diameter q, x-ray spatial resolution 
inferior to scanning image resolutions; 
(b) thin-foil specimen, electron scatter- 
ing diameter Qp approximately equal to beam 
diameter q, x-ray resolution equal to FIG. 2.--Gaussian distribution, (volume 
scanning image resolution. normalized) . 


— 


It is usually assumed that the electron intensity profile across the electron probe 
in both SEM and STEM has a Gaussian distribution (Fig. 2), and since a Gaussian distribu- 
tion extends to infinity the probe size is defined as the full width at half maximum 
(FWHM). Normalizing the volume under this Gaussian distribution and equating this to 
the total electron probe current one finds that 50% of the electrons in the probe are 
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contained within the probe diameter (FWHM). X-ray spatial resolution may be defined as 
that diameter from which 90% of the x rays emanate. Assuming that the x-ray generation 
depends linearly on the electron density then 90% of the x rays are generated within a 
diameter of full width at 10% maximum (FW 10% M) for the normalized Gaussian probe. 
Since FW 10%M = 1.82 x FWHM, the x-ray spatial resolution is 1.81 x probe size for a 
Gaussian probe. 

Based on the criterion that two scanning image points are resolved when they are 
separated by a distance equal to the probe size, image resolution is often used as a 
measure of probe size. However, Venables and Janssen note that in an F.E.G. SEM if 
the zero suppression (black level) is used to enhance the contrast then the spot size 
could be increased without loss of image resolution on closely spaced gold islands.? 
"The resolution thus obtained was essentially independent of probe size until the 
contrast disappeared completely." 

Investigations by the authors indicate that many of the above statements have to 
be re-assessed when very small, highly convergent probes are used for imaging and x-ray 
analysis. 


Experimental 


Figure 3 shows two scanning electron micrographs of a thin gold coated carbon film. 
With a split-screen facility, the bright field STEM image on the left may be compared 
with the SEM image on the right. The magnification of both images is 100 000 and 
inspection reveals detail at 10nm resolution. If this image resolution is used as a 
measure of probe size then it is concluded that the probe size is 10 nm and that the x- 
ray spatial resolution of such a probe would be 19 nn. 

The micrographs were taken on a Philips EM400T-STEM with the high-resolution STEM 
facility and a 70um top hat condenser aperture. 

The EM400T-STEM has the facility to observe and focus the specimen and probe 
Simultaneously in any of its operational modes. Figure 4 is a micrograph of the probe 
taken at the longest diffraction camera length with the STEM unit operating in the spot 
mode under the conditions of image focus required to produce the scanning micrographs of 
Figure 3. The probe has an intense center surrounded by a clearly observable halo. 


FIG. 3.--Electron scanning images of gold on a FIG. 4.--Micrograph of an electron 
thin carbon film. Left: STEM image. Right: probe exhibiting spherical 
SEM image. aberration. 


re-field condenser lens 


The shape of the 
probe in Fig. 4 can be 
explained by Fig. 5, 
which illustrates a 
ray diagram for a lens 
exhibiting spherical 
aberration. The 
paraxial image of the 
gun crossover is 
focused by the ob- 
jective pre-field into 
the specimen plane produ- | = | -\ =>] ff f \VAH~------H- 
cing a reduced Gaussian 
image, the intense 
center of Fig. 4. The 
spherically aberrated 
nonaxial rays are 


Slectron density distribution 
specimen plane 


Gaussian image 


spherically aberrated aperture 


focused into a plane disc of minimum confusion hato diameter 
before the specimen and FIG. 5.--Ray diagram: Probe-forming lens with 
produce a halo of illumi- spherical aberration. 


nation at the specimen 
with a diameter that depends on the convergence angle, i.e., the Cy aperture diameter. 

Spherical aberration in the probe-forming lens can affect the electron intensity 
distribution of the probe in other operational modes. The micrographs of Fig. 6 were 
all taken with a 70um condenser aperture. Figure 6(a) shows the microprobe or CTEM 
probe where the pre-field lens is effectively cancelled; the convergence angles are low, 
and hence the probe is not aberrated and is essentially Gaussian. Figure 6(b) shows 
the nano probe where the pre-field is used; convergence angles are high and spherical 
aberration is evident. Figute 6(c) shows the STEM probe; the convergence angles are 
equivalent to the nano probe and the sperically aberrated halo diameter is equivalent. 
Figure 6(d) shows the H.R. STEM probe from Fig. 3 for comparison; the convergence 
angles are larger and give rise to the increased halo diameter. 

Densitometer traces across micrographs of such aberrated probes show that the 
intense center of the probe is Gaussian, with a measured FWHM corresponding to probe 
sizes quoted by the manufacturer. Following the definition of resolution in scanning 
electron images it is this FWHM which determines the image resolution; the signal 
generated by the halo is eliminated by zero suppression (black level). The intense 
center of the probe in Fig. 4 used to obtain the images of Fig. 3 measured 10 nm FWHM 
from the micrograph, in agreement with the image resolution. 

Measurements of the electron density in the probe from densitometer traces indicate 
that the halo contains a significant proportion of the total probe current, 80% for a 
nano probe of 4 nm with a 70um diameter aperture and an estimated 95% for a small STEM 
probe with a 70um aperture. If the definition of x-ray spatial resolution (diameter 
containing 90% of the probe current) is applied to these spherically aberrated probes, 
it is found that the x-ray spatial resolution can be 40x probe size for a STEM probe 
such as shown in Fig. 4 compared with 1.82x probe size for a Gaussian probe. 

It is possible to reduce the diameter of the spherically aberrated halo and 
eliminate it by use of smaller C, apertures, but this reduction would be at the expense 
of probe current. 

The effects reported above are not unique to the EM400T/STEM but occur in any 
electron optical system in which a highly convergent probe is formed at the specimen. 
The postspecimen lenses of the EM400T/STEM, however, allow the spherical aberration’ and 
the effects on x-ray spatial resolution to be observed and assessed. 


Coneluston 


It is essential that the spherical aberration of the probe-forming lens and its 
effects are known and allowed for if high spatial resolution in x-ray microanalysis is 
to be achieved. 


FIG. 6.--Micrographs and schematic electron density distributions of the probes in the 
EM400T STEM. 
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EXELFS SPECTROSCOPY OF AMORPHOUS MATERIALS 


R. D. Leapman 


Extended energy loss fine structure (EXELFS), which occurs above the core edges in electron 
energy loss spectra, gives information about the local atomic environment in a solid. 

EXELFS can be analyzed in the same way as extended x- ay absorption fine structure (EXAFS) 
by use of the formulation of Sayers, Stern and Lytle.!~2 There has been particular in- 
terest in applying both techniques to the study of amorphous materials since they are po- 

i athedatagt GES capable of determining radial interatomic distances around each individual atomic 
species. The standard EXAFS technique has encountered a number of experimental diffi- 
culties in the soft x-ray range.’ Although a new related x-ray method, which relies on 
measuring the secondary electron yield, has been successfully applied to light elements it 
is nevertheless a surface technique ,° whereas EXAFS requires bulk samples several microns 
thick. EXELFS measurements can be made with an electron microscope combined with an elec- 
tron spectrometer, so that this technique may be applied to a third aEue of sample--thin 
films containing microscopic regions of low atomic number elements. Thus, a material 
may be characterized by microdiffraction and high resolution imaging at the same time.® 

The latter techniques are sometimes capable of identifying structures in crystalline ma- 
terials but not necessarily in amorphous ones. Electron diffraction, for example, does not 
separate information about interatomic distances around the different atomic species. 

In this paper we present some EXELFS measurements on two materials, amorphous silicon 
nitride and a complex glass containing several elements. We demonstrate some refinements 
to the data analysis and discuss limitations of the technique in terms of the minimum con- 
centration of an element. Since the fine-structure modulations are so weak, especially the 
contribution from non-nearest neighbors, it is extremely important to obtain as high a 
Signal/noise ratio as possible. It is clear that in order to obtain data of sufficient 
quality, the instrumentation must be fully optimized. 


Data Analysts 


The oscillatory bane of the energy loss spectrum above a core edge is given by the stan- 
dard EXAFS formula,!~3 which describes the interference between the outgoing ejected elec- 
tron and backscattered parts of the final state. 


x(k) = > OF /R 2) f, exp{- -20 57k? - 2R. j/ Cd) }sin[2kr, oo: (k)] (1) 
j 


This equation is written in terms of the wavevector k of the ejected electron which is sim- 
ply related to its kinetic energy, i.e., the difference between the energy loss E and the 

edge threshold E,, : 
= [2m(E - E,)} (2) 


where h is Planck's constant and m is the mass of the electron. 

Summation in Eq. (1) is over the j different coordination shells at radius R; each con- 
taining N; atoms surrounding the excited atom. The backscattering amplitude function f; (k) 
depends on the type of atom. The term exp(- -205*k?) is a temperature factor that takes into 
account thermal vibrations; A(k) is the range of the ejected electron, which depends on its 
kinetic energy. The phase shift $3 (k) has two parts, one due to the potential of the ex- 
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cited central atom and the other due to the backscattering atom. In order to obtain the 
radial distribution function from Eq. (1) we have analyzed our data as follows: 


1. Effects due to plural inelastic scattering are removed from the spectrum above the 
core edges.!4>!5 Plural scattering tends to distort and smear out the EXELFS modulations, 
especially near threshold where the peak spacing is similar to the plasmon energy (25 eV). 
The plasmon typically has a comparable intensity to the zero loss peak, i.e., its mean free 
path is of the same order as the sample thickness, a few hundred A at 100 keV of beam en- 
ergy. The same thickness t can be estimated in terms of the inelastic mean free path i by 
measurement of the ratio of the total area under the spectrum Ay to that under the zero 
loss peak Ag. 


E = A &n (A,/Ag) (3) 


Derivation of the single-scattering intensity distribution involves measuring the low-loss 
spectrum up to 100 or 200 eV, which includes the zero-loss peak, plasmons, and single elec- 
tron excitations. The background intensity preceding the core edge is subtracted by means 
of the extrapolation of the form E-® (r = 3 or 4) 16 and the result is deconvoluted by the 
low-loss spectrum. The measured core-edge intensity Iy(E) is related to the single- 
scattering intensity Is(E) and the low-loss spectrum IL(E) by 


T(E). (EB) 0 (a) (4) 


The single-scattering distribution is found by dividing Fourier transforms of Iy and I,. 
It is important to truncate the high-frequency Fourier coefficients which produce noise 
which can be achieved by reconvoluting with the instrumental resolution function Ip (E). 17 
We have also shown that this procedure is equivalent to replacing the zero loss peak in 
I, (E) by a 6-function of equivalent area. !° Denoting the Fourier transform by lower case 
we have 

iy Ce) io (e) 


I, (E) = Fl “Te 


(5) 


where F-! is the inverse Fourier transform, Although plural scattering can in principle be 
removed from a spectrum for any thickness, practical considerations of the deterioration of 
signal/noise limit the thickness to less than about 1.5) in EXELFS analysis. 

2. The deconvoluted core-edge intensity is then changed from a function of ejected 
electron kinetic energy to a function of wavevector by Eq. (2). A total of 1024 data points 
are chosen up to k,,,, which is defined below. Uncertainty in the choice of the threshold 
energy E, (k = 0) gives rise to an effective k-dependent phase shift as discussed by Csillag 
et al.!8 We choose Ex as the inflexion point at the edge. 

3. x(k) is obtained by careful fitting of a third-order polynomial in k to the core 
edge intensity and subtracting it. 

4. The resulting modulations are multiplied by k™ (where n = 2 or 3) to take account 
of the attenuation by the backscattering amplitude function f.(k). The most appropriate 
choice of n depends on the atomic number of the backscattering atom. A value of 3 has 
been suggested for low-Z elements. 

5. The oscillations are now truncated below kyjn and above kmax. The lower limit is 
chosen as about 3A7! (35 eV above the edge) to exclude near-edge effects and a strong de- 
pendence on the band structure of the solid. The upper limit is determined by the energy 
at which noise begins to dominate or another edge occurs. To obtain a reasonably accurate 
result kyax should be typically at least 10 or 12 A'!, It is very difficult to obtain mean- 
ingful results when kya, is below 8 Aq} 

6. In order to decrease the step size in the radial distribution function, the 1024 
data points are reduced to 256; the remaining points are set to zero. The magnitude of the 
1024 point fast Fourier transform (FFT) is then computed. The step size in the resulting 
radial distribution function is AR = (w/4)kyax. 

7. The phase shift $ is estimated from the data of Teo and Lee!? and is applied to 
each pair of central and backscattering atoms. Equation (1) shows that the shift in the 
radial distance is approximately half the linear part of » and we therefore use the average 


value of % do/dk from kyj, to kya. 


Our determinations of nearest-neighbor distances are probably accurate to within about 
+ 0.07 A, if we allow for errors in the phase shift and choice of k = 0. Errors in second- 
nearest-neighbor distances are greater because of noise in the spectrum and truncation ef- 
fects in the FFT. We have not attempted to obtain any information about the number or type 
of atoms in a given coordination shell, which would require a more sophisticated analysis 
than is described here. 


Expertmental 


Spectra were recorded at 200keV incident beam energy by means of a Hitachi H700H elec- 
tron microscope coupled with a magnetic sector spectrometer and Kevex 7000 multichannel 
analyzer. This relatively high accelerating voltage has the advantage of allowing us to 
analyze EXELFS in thicker samples than would be possible at 100 keV. Total mean free paths 
for inelastic scattering at 200 keV are about 1000 RK in silicon nitride and Silica, so a 
sample thickness of this order can be used. 

Energy loss spectra were obtained in the STEM mode with a current of about 10 nA into 
a 1000 diameter probe. The intermediate lens was excited so as to demagnify the scatter- 
ing angles into the spectrometer. The acceptance semi-angle at the specimen of about 10 
mrads was greater than the characteristic scattering angle 0, = E/2Eg (where Eg is the ac- 
celerating voltage), which took a value of 1 mrad for the nitrogen K edge (400 eV) and 4.5 
mrad for the silicon K edge (1838 eV). The collection efficiency was therefore high even 
at energy losses above 1000 eV. Multiple sweeps of the spectrum were added together to 
give a total dwell time of about 0.5-2 s per 2eV channel. Spectra were processed by means 
of interactive programs running on a DEC PDP 11/60 computer interfaced to the Kevex 7000 to 
display intermediate steps of the analysis. 


Results 


Amorphous Stltcon Nitride. We have recorded EXELFS data from a sample of chemical- 
vapor-deposited amorphous silicon nitride prepared on a silicon substrate which was then 
etched away. This experiment extends some preliminary results!> on the silicon K edge de- 
scribed earlier. The structure of this material has already been quite well established 
from x-ray diffraction.2® Further data have been obtained from the surface EXAFS tech- 
nique,® so that we can also compare our electron energy loss measurements with these 
results. 

Figure 1 shows the background-subtracted N and Si K edges as well as the low-loss spec- 
trum that is necessary to remove plural scattering effects from the core edges. The sample 
thickness was estimated as 1.1 or about 1000 to 1500 A. The deconvoluted edges are also 
shown in Fig. 1 and are scaled to the measured intensities at threshold for convenience. 
Measured intensities at both the N and Si edges were in excess of 10° counts/channel. Fig- 
ure 2 shows k*y(k) plotted as a function of wavevector. For the N edge kpin and kmax were 
chosen as 2.0 and 8.0 R-!, respectively. For the Si edge kyin and kmax were chosen as 3.0 
and 9.8 A-1, A lower k-range was selected for the nitrogen edge because the intensity de- 
creases faster with energy above threshold and the EXELFS modulations were correspondingly 
weaker. Consequently a rather higher accuracy is expected in the silicon K edge data. We 
note the presence of a very weak sharp peak at 535 eV in Fig. 1 which is also evident at 
k = 5.9 Av! in Fig. 2. A similar peak was observed by Stthr® in surface EXAFS data from 
Si3N, and can probably be attributed to a small amount of oxygen impurity in the sample 
(O K edge is at 534 eV). This result points to a possible difficulty in trying to carry 
out elemental microanalysis for low concentrations (< 1 at.%): the confusion of weak edges 
with extended fine structure. 

The Fourier transform of k*y(k) is shown in Pig. 3 for the nitrogen and silicon edges. 
Nearest-neighbor peaks occur at the same distance for both edges (1.38 + 0.05 A). A second 
weak peak rising above the noise is visible in the Si data at 2.70 A. This peak is also 
evident in the nitrogen data but we are less able to attribute the peak to a second-nearest 
neighbor correlation because of the smaller k range and the possible contamination of oxygen 
mentioned above. Computed data of Teo and Lee!9 give an average linear part of the phase 
shift of 0.40 + 0.05 for Si-N and Si-Si, and 0.35 + 0.05 A for N-Si and N-N. Nearest and 
second nearest neighbor distances are therefore 1.78 + 0.07 R (Si-N) and 3.1 + 0.1 R (Si-Si). 
The nitrogen edge does not give a significantly different distance for the Si-N bond length 
(1.73 + 0.07 &). This result is in agreement with existing x-ray data*° where the Si-N bond 
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length was determined as 1.75 K and the second nearest correlation distance for Si-Si and 
N-N as 3.0 A. Silicon is tetrahedrally coordinated with four nitrogen atoms and nitrogen 
is coordinated with three silicon atoms as shown in Fig. 3. The local structure is prob- 
ably close to the crystalline 6 phase of Si3Ny,, in which the difference between Si-Si and 
N-N distances is about 0.2 A.2% Although we are unable to resolve this difference in our 
data, it seems that it should be possible to do so with improved statistics and more ac- 
curate analysis. 
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FIG. 1.--Low-loss and core-edge spectra from FIG. 2,--Subtracted EXELFS for silicon ni- 
amorphous silicon nitride. Measured and decon- tride as a function of wavevector for both 
voluted K edges for nitrogen (400 eV) and sil- Si K edge (solid line) and N K edge (dashed 
icon (1838 eV) are shown. line). 
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FIG. 3.--Radial distribution function (solid FIG, 4,.--Energy loss spectrum from zero to 
line) and nitrogen (dashed line) showing peaks 3200 eV from an NBS K412 silica glass. Fol- 
at 1.38 A and 2.7 A (no phase shift added). lowing edges are visible: C K (285 eV), Ca 
Coordination of nitrogen (open circles) around Lg3 (346 eV), O K (534 eV), Fe Lo3 (708 eV), 
silicon (closed circles) is indicated. Mg K (1303 eV), Al K (1560 eV), Si K (1838 
eV) and Cl K (2820 eV). Energy resolution 
about 6 eV. 


114 


COUNTS / CHANNEL X10° 


MAGNITUDE OF FFT 


j000.2OCO—~* ~~ 2000: 


ENERGY LOSS (eV) DISTANCE ‘¢ANGSTROMS)> R 
FIG. 5.--Deconvoluted Mg, Al, and Si K edges (a) 


from glass sample. General similarity be- 
tween edge shapes is observed. 
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FIG. 6.--({a) Radial distribution function for silicon in the glass sample: five curves 
correspond to different k ranges for Fourier transform; kyj, was the same in each (4 R-ly 
and kmax was 9, 10, 10.5, 11, and 11.5 R-1_ Peaks are observed at 1.26 A and 2.8 A. Tetra- 
hedral coordination of oxygen atoms (open circles) around silicon (closed circles), and co- 
ordination of two silicon (or silicon and metal) atoms with each oxygen is indicated. (b) 
Radial distribution function for Mg showing nearest neighbor peak at 1.62 A; k range was 
from 3.0 to 8.1A7!. (c) Radial distribution function for Al showing nearest neighbor peak 
at 1.45 A; k range was from 3.0 to 8.5 R-1, 


A Stlteca Glass. In order to investigate the information that can be obtained from a 
more complicated amorphous material we have recorded EXELFS data from a silica glass con- 
taining several oxides: MgO, CaO, Alj03, and FeO. The glass was a standard NBS glass re- 
search material (K412) and a thin film was prepared by ion beam sputtering onto a carbon 
substrate, as described previously.*! Its composition in atomic percent was: 16.5% Si, 
11.0% Mg, 5.9% Ca, 4.3% Al, 3.1% Fe, and 59.2% 0. The energy loss spectrum from zero to 
3200 eV is shown in Fig. 4, where edges are visible for all the elements in the glass. A 
chlorine K edge is also seen at 2820 eV, which can be attributed to contamination in the 
sputtering system. Measurement of the low-loss spectrum indicates that the sample is 0.5) 
thick (about 500 A). We were not able to obtain useful data above the oxygen K edge nor 
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the calcium and iron Lo3 edges. For Ca and O another edge occurred less than 200 eV above 
threshold, which limited k,,, to 7 R-! or less. The signal/background ratio was insuffi- 
cient to obtain reasonable statistics for Fe. 

We have been able to analyze the Mg, Al, and Si K edges, however. Figure 5 shows the 
deconvoluted K edges obtained from the background-subtracted intensities and the low-loss 
spectrum, For the silicon K edge three spectra were added together to yield a signal/noise 
greater than 100. The Fourier transform of k3y(k) is shown in Fig. 6(a), where five dif- 
ferent curves obtained from different ranges of k are superimposed. A value of 4 &-! was 
chosen for ky;, and kpagx was varied between 9 and 11.5 A-1_ The nearest-neighbor peak is 
almost independent of k-range; we estimate its position as 1.26 + 0.05 R.. A second peak is 
also observed in all five curves at ~2.8 A as well as a shoulder at ~1.8 A. 

Using an estimated phase shift for Si-O of 0.40 + 0.05 R, we find a nearest neighbor 
distance of 1.66 + 0.07 A which agrees with the Si-O bond length in Si09, given as 1.61 
K.22 Tetrahedral coordination of oxygen around silicon and the coordination of two atoms 
of silicon (or one silicon and one metal atom) around oxygen is shown in Fig. 6(a). The 
second nearest neighbor peak at 3.2 A after phase-shift correction is greater than the 
Si-Si distance in pure silica and may represent a combination of distances from silicon to 
various metal atoms. The metal-ozygen bonds are longer than the silicon-oxygen one (Al-O = 
1.9 R, Mg-o = 2.1 &, Fe-O = 2.2 &, Ca-O = 2.4 A). The explanation for the weak shoulder 
at a distance of about 2.2 A after phase-shift correction is not clear. It may be an arti- 
fact but could perhaps be due to the chlorine impurity that is present. 

Since the EXELFS for the Mg and Al K edges were much noiser than the Si data, we were 
only able to obtain nearest-neighbor distances for these elements. Radial distribution func- 
tions are shown in Figs. 6{b) and 6(c). Peaks are observed at 1.62 + 0.05 R for Mg and 1.45 
+.0.05 A for Al. After the phase shifts are applied the Mg-O distance of 2.0 + 0.1 K and 
the Al-O distance of 1.85 + 0.1K agree with the expected values of 2.1 R and 1.9 A, 
respectively.?? 


Detectton Limits and Conelustons 


We have demonstrated that it is possible to obtain nearest-neighbor distances in amor- 
phous materials at least to an accuracy of 0.1 R by means of EXELFS spectroscopy. An ac- 
curacy of 0.05 & should be possible if the phase shifts were treated more fully. In amor- 
phous solids the nearest neighbors give by far the strongest peak in the radial distribu- 
tion function. However weak second-nearest-neighbor correlations also seem to be observed 
in the materials we have investigated. 

Often the elements of interest are pre- 
|sent in relatively small concentrations, 


= e.g., Al and Fe in the glass sample. In 

¥ such cases signal/noise limits the deter- 
FIG. -7ye-Plot. & mination of the radial distribution func- 
of total num- § tion. Thus, we were able to analyze the 
ber of counts | | aluminum K edge data but not the iron Lo3 
(S + B) as m) edge. In general the atomic fraction of an 
function of 5 element is proportional to the signal/back- 
signal/back- 3 ground ratio (S/B) at the core edge. _EXELFS 
ground for v analysis requires a signal/noise (S/vS + B) 
various val- of about 100 and for very accurate results 
ues of < a signal/noise of 500 would be desirable to 
signal/noise. §& increase the k-range available for trans- 
Observed sig- % A forming the data. This S/B is achievable 
nal/background GLASS ala with EXAFS analysis of heavier elements by 
ratios are a (1-054) 1 at%Mg I7a4%Si use of synchrotron radiation. We have plot- 
indicated for = v v ted (Fig. 7) the total count rate (signal + 
edges an- - SiN Z an) Packground) required to produce a given 
alyzed in eae 57 at.%N 4S a%S!) si pnal/back ground ratio for various values 
Si3N, and v * | ot signal/noise (S/N). Also indicated are 
glass io? 102 io! i0 ° ~=«60our observed (S/B) ratios for the elements 
samples. in the silicon nitride and glass samples. 


SIGNAL/BACKGROUND —=-£., s7N = 100 and S/B = 2 (Si K edge in 
Si3N,) only 2 x 107 counts per channel are needed; for S/B = 0.3 (N K edge in Si3N,), 2 x 
10° counts are required. The relatively small S/B ratio for the N K edge is caused by 
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plural scattering and clearly it is advantageous to use thinner samples especially for 
edges at lower energy losses. In order to obtain S/N = 100 for Mg and Al edges in the 
glass sample, where S/B is only about 0.1, 10® counts per channel are necessary. 

With a parallel detection system to increase the collection efficiency23 and a probe 
current of about 5 nA we estimate that it would be possible to record core edge spectra in 
the energy range of a few hundred eV with 10” counts per channel in a reasonable counting 
period of, say, 1 min. EXELFS analysis might then be successfully carried out for an ele- 
ment present at a concentration of only 1 at.% in the analytical volume. Although this 
value seems to represent the lower limit, the possibility still exists for establishing 
the local environment around a minor atomic species. 
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J-2 


Image Processing 


ON-LINE PROCESSING OF DIGITAL SEM IMAGES 
J. J. McCarthy and P. R. Ferrara 


The use of an on-line computer control system to acquire, process, and display digital 
images (collected from the SEM) is a powerful technique, On-line processing provides the 
capability to improve image quality and form new types of images using a variety of pro- 
cessing techniques. These operations range from fairly simple manipulations such as 
color coding of the image, or thresholding the image for display purposes, to more com- 
plex operations such as smoothing, contrast enhancements by manipulation of gray level 
histograms, two-dimensional derivatives, and fast Fourier transforms. 

This paper describes an on-line computer system capable of image processing and 
illustrates the power of this technique with examples of processed digital SEM images. 


Instrumentatton 


The hardware and software of this system (Tracor Northern VIP 2000) have been de- 
scribed in detail in earlier publications and will only be reviewed here.!’? The key 
hardware components are: (1) a PDP-11/23 or LSI-11/23 with 64K words of memory and mass 
storage devices, (2) a high-resolution (512 X 256 pixels) color video monitor integrated 
with a standard EDS multichannel analyzer, and (3) a digital scan generator which con- 
trols the SEM scan with a resolution of up to 4096 by 4096 pixels. The software for the 
system is a combination of programs written in a high-speed interpreter (FLEXTRAN) and 
support functions written in assembly language. Software support for image display in- 
cludes routines for point and area painting, color-to-intensity look-up tables, and gener- 
ation of vectors and complex figures. A number of utility programs provide computer 
control of beam positioning, video signal acquisition and storage, and output of graphics, 
spectral data, and image data to the microscope CRTs. Image acquisition is normally col- 
lected over a 256 x 256-point raster with 8-bit resolution per pixel and stored in memory. 
Larger images may be collected and stored to disk in segments during the acquisition. 
Typical dwell times on the order of 1 ms allow the image to be collected and stored in 
approximately one minute. 

Display of digital images in pseudo-color can enhance the perception of features pro- 
vided the color code is properly chosen. Initially, the range of intensities in the 
image is equally divided into 16 bins to which a unique color is assigned. These color 
assignments can be changed by the operator. Pre-programmed sets of color codes are pro- 
vided including a ''chromatic"' code with cool colors (low intensity) to hot colors (high 
intensity), and a "photography" code which produces a normal gray-scale image in a black- 
and-white photograph. 


Image Processing 


Jones and Smith have published a comprehensive review of image processing as applied 
to scanning electron microscopy.* For example, contrast and brightness changes can be 
effected by subtraction or multiplication of the entire image by a constant. The observed 
noise in an image can be reduced by employing smoothing operations such as filtering or 
nearest-neighbor averaging. The image may be further enhanced by changing the pseudo- 
color coding (with the aid of the gray-level histogram) to accent various features, or to 
expand the contrast over a selected gray-scale range. 

In addition to the operations referred to above, the image processing software imple- 
mented on this system includes a continuous readout of intensity at the location of a 
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FIG. 1.--Unprocessed backscattered electron 
(BSE) image of MnS inclusions in steel. 
Normal color-coded gray level histogram is 
shown on left. 


FIG. 2.--Nearest-neighbor-averaged, con- 
trast-enhanced BSE image of the steel of 
Fig. 1 and modified gray-level histo- 
gram. Area fraction of MnS inclusions 
has been computed and displayed. 


FIG. 3.--Nearest-neighbor-averaged, con- 
trast-enhanced BSE image of the MnS inclu- 
sions of Fig 1 and modified gray-level 
histogram. Area fraction of steel has 
been computed and displayed. 
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FIG. 4.--Unprocessed BSE image (right) 
and two-dimensional derivative of that 
image (left). Features with sharp 
contrast changes are highlighted in 
derivative image. 


cursor in the image, line profiles across the image, and computation of the percent of 
the image in each histogram bin. Some examples of image processing are illustrated in 
Figs. 1 through 4. 

Figure 1 presents the backscattered electron (BSE) image of several inclusions of MnS 
in a stainless steel matrix, and the color-coded gray-level histogram for this image. 
This histogram is coded for black-and-white photography and with 16 equal width color 
bins. This image will serve as a reference point to compare the effects of the image pro- 
cessing illustrated in Figs. 2, 3, and 4. 

In Fig. 2, the BSE image has been processed by nearest-neighbor averaging, and en- 
hanced by expansion of the contrast of the steel matrix. This enhancement was accomplished 
by changing the color-coding of the gray level histogram as shown on the left-hand side of 
Fig. 2. The original histogram was partitioned in 16 bins of equal width; the modified 
histogram has 2 large bins above and below the peak corresponding to the steel, and 14 
smaller bins in this peak. The effect of these enhancement operations is clarified by 
comparison with the BSE image in Fig. 1. The MnS inclusions have been isolated and ap- 
pear with uniform contrast, and the more subtle detail in the steel matrix has been em- 
phasized. Much of the smaller detail has been made more prominent. Several features, 
such as the contamination spot in the lower-right corner and the line across the center 
of the image (due to contamination from a previous linescan) have become much more pro- 
nounced. The area fraction represented by the MnS inclusions can be readily obtained 
from the modified histogram. This result is computed as the contents of the red bin and 
displayed with the histogram information. Alternatively, rather than expanding the con- 
trast of the matrix one may choose to expand the contrast of the MnS inclusions, as 
illustrated in Fig. 3. The steel matrix has been totally suppressed by being coded as 
black. The smaller inclusions are quite clearly visible, as is much more detail in the 
large inclusions. The area fraction of the steel matrix has been calculated and dis- 
played. 

Figure 4 presents the MnS BSE image on the right-hand side, and the two-dimensional 
derivative of the image on the left-hand side. As expected, regions in the image that 
contain large contrast changes have been highlighted in the derivative image. The ad- 
vantages of the digital derivative versus the normal analog techniques is that it retains 
information perpendicular to the scan directions which is normally lost by analog pro- 
cessing. By proper scaling of both images and their addition, the areas of changing con- 
trast would appear enhanced in the new image. Although the result is not particularly 
dramatic with the image used here, Smith has shown several examples where this technique 
is quite useful.* In addition, Smith has shown that a polar plot of the magnitude and 
direction of the gradient may be useful in studies of surface roughness and texture. 


Summary 


Digital image processing has been used for some time in areas such as medical imagery 
and remote sensing. The application of these techniques to electron microscopy is a 
recent development with great potential. 

We have described an on-line computer system capable of collecting and processing 
digital images. Several examples of enhanced images obtained by processing have been 
discussed as illustrations of the power of this technique. 
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J-3 
Biological Analysis 


MINERALIZED BIOLOGICAL TISSUES STUDIED BY AUGER ELECTRON AND X-RAY 
PHOTOELECTRON SPECTROSCOPY 


W. J. Landis, M. D. Grynpas, R. M. Latanision, and J. R. Martin 


Vertebrate calcification is the deposition of a calcium phosphate solid mineral phase in 
living tissues and is regulated by highly specific physical, chemical, and biological in- 
teractions between the mineral ions and organic tissue components. Although such interac- 
tions have been studied in situ with the use of electron optical instrumentation, such as 
transmission and scanning electron microscopy and electron probe microanalysis to correlate 
ultrastructural and chemical characteristics of many different mineralizing systems ,!~3 
these approaches have been limited to the identification and localization of elements of 

Z> 10. Consequently, the low-Z elements (including carbon, nitrogen, and oxygen, which 
comprise the bulk of the organic matrices in mineralizing and other biological tissues) 
have been largely overlooked in previous work. This report describes the current applica- 
tion of Auger electron spectroscopy (AES) and x-ray photoelectron spectroscopy (XPS), tech- 
niques sensitive to both light and heavy elements, to investigations of a variety of normal 
mineralized biological tissues and synthetic mineral standards. Initial studies by AES or 
XPS have (a) identified the chemical elements and determined the inorganic and organic com- 
positional characteristics in thick (1-2yum) biological tissue sections and synthetic stan- 
dards, (b) revealed the distribution of such elements with respect to histological and ul- 
trastructural features of the tissues, and (c) followed changes in the physical-chemical 
nature of the inorganic and organic tissue constituents as a function of increasing miner- 
alization and age. For convenience, AES and XPS studies will be described separately. 


AES: Materials and Experimental Techniques 


In the relative absence of any literature describing biological tissue preparation or 
analysis with AES, the following method was developed to obtain thick sections for studies 
in situ. Specimens were fresh, unerupted mandibular or maxillary incisors and molars, and 
epiphyseal growth plate cartilage from proximal tibiae of normal newborn (3-6 day old) 
Wistar-Lewis rats. These specimens were prepared by aqueous fixation in 2.5% glutaraldehyde- 
paraformaldehyde* or by anhydrous treatment in organic solvents to minimize artifacts in the 
mineral phase introduced by aqueous solvents.° Tissues were embedded in Spurr medium and 
sectioned at 1-2 um thickness on a Porter-Blum MT-2 microtome. Sections were cut either 
dry or on 100% ethylene glycol with glass knives, and some were stained with toluidine blue 
and examined by light microscopy. Alternate dry serial sections to be used for AES analysis 
were picked up from the microtome knife with fine forceps and placed in a small drop of ab- 
solute ethanol on 1 cm? sheets of clean aluminum foil. Sections cut on ethylene glycol were 
transferred to foil in a small wire loop containing glycol or ethanol. The liquid droplets 
were subsequently evaporated to dryness over low heat on a hotplate, which left the thick 
sections firmly mounted on the foil. Foils with sections were then placed and held with 
set screws on a stainless-steel holder for Auger analysis. 
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Uncoated and unstained specimens were examined in a Physical Electronics Model 590 
scanning Auger microprobe with maximum 0.2um lateral spatial resolution. Applicable funda- 
mental principles of AES have been detailed elsewhere.° An electron beam of 3-5 kV poten- 
tial and variable current (microampere range) was used to excite the sample introduced into 
instrument high vacuum (1072 to 10-!9 Torr) and was initially rastered over the section sur- 
face to generate a secondary electron image of structural features, recorded on Polaroid 
film. Auger electrons also escaping to vacuum from the sample surface following ionization 
were collected by a cylindrical mirror analyzer and signals increased by a standard cascade 
photoelectron multiplier of the multiple dynode type. Static spot Auger spectra were re- 
corded on a graphic plotter and single-element line profiles and maps were photographed on 
Polaroid film. In certain instances, sputtering of the sample surface was accomplished 
with the use of a differentially pumped ion gun to generate an inert ion beam, usually ar- 
gon, of variable potential (2-5 kV as required). 


FIG. 1.--Auger elemental maps from tibial epiphyseal growth plate cartilage of normal 5-day- 
old rat. The sample was prepared by anhydrous ethylene glycol technique? and mounted on 
aluminum. Secondary-electron image (top left) shows calcified cartilage (CC) and circle in- 
dicates region of stationary spot analysis (Fig. 2). 


AES: Results 


Figure 1 shows the secondary-electron image and single Auger element maps obtained from 
a 2um-thick uncoated and unstained longitudinal section of the hypertrophic region from rat 
epiphyseal growth plate cartilage. From Fig. l(a) relatively little structural detail is 
present in a typical secondary-electron image, but identification of calcified cartilage 
areas and comparison of like regions with light microscopic features provide appropriate 
orientation. In addition to those illustrated, other Auger maps of biological specimens 
have been generated for Na, Mg, S, Cl, and K, although attendant noise levels are high for 
Na and Mg. The spectrum of elements within local surface areas can be determined by sta- 
tionary spot probing, such as shown in Figure 2, and elemental line profiles can be obtained 
as well, in this case from a lum transverse section of a rat incisor shown in Figure 3. 
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AES: Dtseusston 


The structural detail and spatial resolution of 
the samples examined are not as great as those ob- 
served in the electron probe and other electron op- 
tical instruments, yet it is clear from these first 
results that Auger elemental spectroscopy is suffi- 
cient to provide correlation in situ of structural 
and chemical information from thick sections of 
mineralized tissues. Of particular importance, the 
identification in biological specimens of C, N, and 
O can be made by this technique, unlike electron 
probe microanalysis. Further, the localization and 
distribution of these and other elements appear to 
follow the known tissue composition determined from 
other studies. For example, the detection of 0, P, 
and Ca principally within calcified cartilage, den- 

tin, and enamel regions corresponds to the presence 
ig ER OE aa, = of hydroxyapatite [Ca 9(P0,),¢(OH)2], the mature form 
of the mineral phase in these tissues. Mg is also 
found in the same areas, where it would be an ex- 
pected substituent of the mineral phase as well. 
Carbon, on the other hand, is observed in regions of 
sections outside the mineral and forms an Auger image 
complementary to that of Ca (Fig. 1). Although ac- 
tual cellular definition is missing in these first 
sections examined and will have to be enhanced by other means, possibly by the use of alter- 
native specific elemental or heavy metal stains, the distribution of C is consistent in 
part with the known location of cells and extracellular matrix adjacent to mineralized por- 
tions of the calcified cartilage and dental tissues. Cells should be predominantly marked 
by C, N, and O (nucleic acids, proteins, carbohydrates, lipids) and by certain levels of P 
(membrane phospholipids, for example) and Na and K (ions of intracellular salts). The ex- 
tracellular organic tissue matrices should also contain C, N, and O (carbohydrates and pro- 
teins, as collagen for instance) and relatively high levels of S (sulfated proteoglycans) 
as observed. The source of Cl may originate in either organic matrices (salt ion) or the 
Spurr embedment itself with C and O in addition. 


FIG. 2.--Auger spectrum from growth 
plate cartilage shown in Fig. l(a). 
Stationary electron beam (5 kV poten- 
tial) was centered over calcified 
cartilage and adjacent tissue viewed 
at 1000x (circle in Fig. la). 


XPS: Materials and Expertmental Techniques 


The few previous biological studies with XPS have examined dental enamel slabs several 
microns thick.’~!* Our initial purpose with XPS was not the investigation of tissue sam- 
ples but the preparation of dry powders of synthetic mineral standards to be used for spec- 
trometer calibration. These standards, each pressed under 6000 psi into thin, small disks 
13 mm in diameter, included refluxed and poorly crystalline hydroxyapatite [Caj (P0O,)¢(OH)o]l, 
fluorapatite [Cajq9(P0O,)¢Fo], calcium carbonate [CaC03], octacalcium phosphate 
[CagHo (PO) ¢°5H20], monetite [CaHPO,], brushite [CaHPO,°2H»0], calcium pyrophosphate 
[Cay (P207)], and an amorphous calcium phosphate prepared at neutral pH.{Ca/P = 1.47]. 
Pressed disks were held with clamps on stainless-steel holders for XPS analysis. 

Biological tissue samples included bone obtained from tibial mid-diaphyses of normal 
16-day-old embryonic chicks and l-year-old chickens, and enamel obtained from fresh, un- 
erupted mandibular and maxillary incisors and molars of embryonic calves (30-150 days tn 
utero). Whole bone and enamel were lyophilized, then ground under liquid nitrogen in a 
hammer-percussion mill to a powder consisting of particles of 5 um average size (range 1-10 
ym).43 Enamel powder was treated further by differential gradient centrifugation in organ- 
ic solvents of increasing density ,}3 a method that partitions the bulk enamel mineral 
scraped from single teeth into individual fractions homogeneous with respect to the age of 
their constituent mineral phase particles. Studies of such fractions therefore correlate 
structural and chemical changes with progressive mineral phase maturation. Bovine enamel 
fractions (isolated in 0.1g/cm? steps) spanned a range of 1.6 <9 < 2.3 g/cm? and contained 
hydroxyapatite and carbonate detected by x-ray powder diffraction and infrared spectroscopy, 
respectively.!4 
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Uncoated pressed disks of mineral 
standards, whole bone powder, and frac- 
tionated enamel powder were examined in 
a Physical Electronics Model 548 XPS, 
Auger, and LEED (low energy electron 
diffraction) spectrometer maintained 

at high vacuum (1078 to 10-9 Torr). A 
primary beam of Mg Ka x-rays (10kV 
source potential, 40mA current) was 
used. Photoelectrons excited from 
sample surfaces® were collected by a 
cylindrical mirror analyzer of the 
double-pass retarding-field type to 
limit the lateral spatial resolution 

of analysis (minimum 1.5 mm) and to 
maintain constant energy resolution. 
Signals were amplified by a spiral 

type photoelectron multiplier. Binding- 
energy band width routinely sampled was 
approximately 1000 eV to O eV with en- 
ergy resolution 0.6 eV at 100 eV pass 
energy and 0.15 eV at 25 eV pass energy. 
Survey and high resolution binding- 
energy spectra were printed on a graphic 
plotter. 


XPS: Results 


Figure 4 shows composite survey 

| spectra of selected standards and min- 
eralized tissues and Table 1 the com- 

/ parative binding energies from high 
resolution spectra of principal chemi- 
i cal species of mineralized tissues. 
Notable features of the spectra are (a) 
detectable differences among the miner- 
al species and biological tissues in 
the binding energies of 0)., Cagp> and 
Pop; (b) presence of Ny, in biological 
tissues; (c) increasing 0, Ca, and P, 
and relatively constant N with increas- 
ing chick bone age; (d) comparable ele- 
|mental content in l-year-old chicken 
'bone and highest density embryonic calf 
enamel fractions; (e) an apparent dou- 
ble peak of 0,3, (binding energy differ- 
ence of 1.4 eV) for brushite, but for 
no other sample; and (f) presence of 
adventitious C,, in all samples with a 
double peak (binding energy difference 
5.4 eV) for calcium carbonate. 

Repeated XPS analyses performed at 
various times over the same sample 
(either minerals or biological tissues) 
indicate that some inconsistencies arise 
FIG. 3.--Auger elemental line profiles from an un- in binding energy peak positions (on the 


coated and unstained section of incisor prepared order of a few tenths of an electron 
anhydrously> from a normal 5-day-old rat. Regions volt). Binding energy differences be- 
identified are predentin (PD), dentin (D), and tween peaks relative to Cj}, are repro- 
enamel {(E). ducible, however. The data indicate 
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FIG, 4.--XPS survey spectra of selected mineral species and biological tissues. 
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that space-charge effects occur with these samples and consequently preclude precise assign- 
ment of binding energies. For this reason, high-resolution XPS spectra are not presented 
here and binding energies for mineral standards cannot yet be given; the values shown in 
Table 1, though obtained from spectra generated consecutively, must also be considered 
approximate. 


TABLE 1.--Comparative binding energies of selected mineralized tissues. 


Binding Energy, eV 


Sample 01. Nis ae ve ore Ch. Pop 
Embryonic enamel, p = 1.8-1.9 g/cm3 355.3 289.5 | 137.8 
Embryonic enamel, ep = 2.3-2.4 g/cm 355.5 290.2 | 138.3 
Embryonic enamel, p > 2.4 g/cm 355.8 290.3 | 138.3 
Unfractionated 16-day-old chick bone 355.4 289.6 | 137.7 
Unfractionated l-year-old chicken bone 356.0 290.7 | 138.5 


Binding energies given are subject to variation and must be considered approximate values 
(see text). 


XPS: Dtseusston 


On the basis of initial measurements, XPS of pressed dry powder of inorganic mineral 
standards and biological material is suitable for the detection of C, N, 0, F, Ca, and P 
in such samples and binding energy differences in these chemical species may be detected. 
The observations that binding energies are not reproducible with some of the specimens as 
a result of space-charge effects mean that standardization techniques for determining ab- 
solute binding energies for mineral and biological samples must be developed. One approach 
is the use of the adventitious Cj. line.!° This line presumably originates from a thin 
surface layer of hydrocarbon contamination, and in CaCO3 its binding energy (290.3 eV) is 
distinct from that of intrinsic carbon (295.7 eV), giving rise to the double peak noted in 
high resolution spectra. In other samples in addition to CaCO3, carbon referencing for 
charge correction yields consistent data. 

The N in both bone and enamel is attributable to organic matrices. The apparent double 
peak for 0,, in brushite may be useful in determining the presence of this acidic calcium 
phosphate phase in certain biological samples, such as low-density fractions of embryonic 
chick bone and rat dentin, where brushite has sometimes been seen by x-ray diffraction 
methods.!3°16 poorly crystalline apatite, brushite, and octacalcium phosphate all contain 
acidic phosphate, which is known to be present in young mineralized tissues.!7~19 

It is intended that further work will extend these preliminary data identifying chemi - 
cal species in standards as well as mineralized biological tissues at various developmental 
stages. In addition, though it is recognized that XPS provides only an imprecise means for 
positioning the primary x-ray beam over a sample, correlation in situ of chemical composi- 
tion with morphology may also be possible by use of depth profiling methods and tissue sec- 
tions prepared to facilitate analysis at progressively more mature sites. 


Summary 


This paper has detailed initial studies by AES and XPS of a number of normally mineral- 
izing biological tissues and synthetic mineral standards. The methods can be used success- 
fully to obtain qualitative compositional data of biological interest, particularly with 
regard to C, N, and O, in both thick tissue sections and pressed, dry powders of material 
prepared in vitro. Quantitative studies utilizing these surface analysis methods will fol- 
low to help identify and characterize the inorganic mineral phase of calcifying tissues; 
elaborate physiochemical and age changes in the specimens; and localize elements, ions, and 
chemical compounds of biological importance in intracellular and extracellular tissue 
matrices. 
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COMPARISON OF MICROANALYSES ON CALCULI BY X-RAY FLUORESCENCE AND 
PROTON-INDUCED X-RAY EMISSION SPECTROSCOPY 


B. E. Taylor 


The techniques of x-ray fluorescence (XRF) and proton-induced characteristic x-ray emission 
spectroscopy (PIXE) have been used in the analyses of urinary and biliary calculi. All the 
stones analyzed were then subjected to a rigorous ultrastructural analysis in the scanning 
electron microscope (SEM) with simultaneous x-ray microanalysis. The results of the anal- 
yses are compared and the significance of the findings is discussed with particular refer- 
ence to the application for trace element determination. 

With the advent of new and progressively better analytical techniques, the limits of 
detection for elements and chemical compounds have become progressively lower.! Hence, 
ever more sophisticated measurements on biological systems have revealed ever more subtle 
processes involving the so called "trace elements" which originally defied detection. 

All trace elements have come under scrutiny in recent years, but special interest has 
centered on the trace metals, which exert an influence (direct or indirect) out of all pro- 
portion to their concentration, often due to their association with enzyme systems, which 
in turn maintain delicate balances in our metabolic processes, 

The essential trace elements Cr, Mn, Fe, Co, Ni, Cu, Zn, Se, Mo, I, and Sn are all re- 
quired for the natural and proper working of the body, and all have their own homeostatic 
systems to insure their optimum levels in the body. However, when a deficit or surfeit of 
these trace elements exists, certain diseases result; among them is urinary and biliary 
tract infection leading to the formation of stones. 

It is therefore of particular significance to determine the trace elements present in 
urinary and biliary calculi to give a clearer understanding of the pathogenesis of the 
disease. 


Expertmental 


Interior and exterior calculi sections have been examined by PIXE by the Dynamitron ac- 
celerator at Birmingham Radiation Centre. A beam of 2.5MeV protons with a beam current of 
10-20 nA was employed and a counting period of the order of 20 min with a charge of 10 uC 
was used for each section. 

Further sections were examined by XRF with a commercial Philips 1410 spectrometer in 
conjunction with a LiF (200) analyzing crystal. There is a provision on the spectrometer 
for filtering the primary beam, to remove the characteristic Cr radiation with an aluminum 
filter, and it was used for the measurements. Fixed-time counting was employed for all 
measurements and the background was taken as the mean of the two background levels on ei- 
ther side of the peak (linear interpolation). The parameter chosen for comparison among 
samples was the corrected peak-to-background ratio. 

The scanning electron microscope used was an International Scientific Instrument (100 
A) equipped with a Link Systems Analyzer for x-ray microanalysis. 


Results 


The results of the analyses using the complementary techniques on sections of the same 
stones were compared with particular reference to their application for trace-element de- 
termination. For example, a urinary calculus supplied by Dudley Road Hospital in Birming- 
ham showed the presence of spherical aggregates of minute crystallites in the SEM (Fig. 1). 
The energy dispersive x-ray microanalysis of this stone revealed the presence of calcium 
and phosphorus only. 


The author is in the Department of Physics of the University of Birmingham, England 
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The XRF analysis of 
this stone revealed the 
trace elements Zn, Ni, 
Fe, Cu, and Cr, whereas 
the PIXE spectra of 
this region (Fig. 2) 
showed the presence of 
Pe Cl. Ke Ca. Ty Cry 
i Mn, Fe, Ni, Cu, and Zn. 


Cone lustons 


The impracticabil- 
/ ity of using the x-ray 
| microanalysis technique 
in the determination of 
' trace elements is clear- 
| ly seen in the results 
iwhere the limits of de- 
| tection are only of the 
order of 0.5%. Even 
though the lower limits 
.of detection of the XRF 
s; system here are of the 
order of tens of parts 

FIG. 1.--Electron micrograph of urinary calculus. per million, the pres- 
ence of the further 
elements as found in 
the PIXE analysis have 
not been detected. 

Although there is 
no absolute detection 
limit for XRF, as in 
principle any desired 
limit may be reached 
provided the measurement 
is continued for a suf- 
ficiently long time, 
figures for detection 
limits are generally 
based on a statistical 
limit of 30 for peak in- 
tensity within a rea- 
sonable and practicable 
counting time. 

In XRF, matrix ef- 
fects due to significant 
changes in the absorp- 
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COUNTS PER CHANNEL 
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pe remeencianrnee AA = —_ —=se—-tion properties of the 
matrix under certain con- 
CHANNEL NUMBER ditions mean that criti- 
cal concentrations are 
FIG. 2.--Proton-induced x-ray spectra of urinary calculus. considerably lower than 


their counterparts ex- 
perienced in. PIXE; the fluorescent x-ray path lengths inside.the specimen are considerably 
greater in XRF due to the greater penetration of x rays compared with protons, which tends 
to amplify any absorption effects. 

In conclusion, it must be said that the facility for simultaneous multi-element analysis 
with good sensitivity by the combined use of (p,X) excitation and an energy-dispersive de- 
tection system with multichannel analysis (i.e., PIXE) is of great significance for trace 
element determination. 
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ENERGY-DISPERSIVE X-RAY MICROANALYSIS BY THE PEAK-TO-BACKGROUND METHOD: EMPIRICAL 
CORRECTIONS FOR DETECTOR-DEGRADED COUNTS 


M. C. Foster and W. A. Hagins 


For microprobe analysis of rough samples with complex topography, the ratio of character- 
istic to bremsstrahlung intensities in the same energy range gives a measure of element con- 
centration.!~* Correction factors are less sensitive to geometry in this peak-to-background 
method than in the conventional ZAF procedure based on intensities per unit electron beam 
current of characteristic peaks alone. When an energy-dispersive x-ray detector is used, 
however, the peak-to-background method encounters a special problem: detector-degraded 
counts in the x-ray spectrum produced by physical events occuring in the Si(Li) detector 
during the detection process. These "spurious" counts appear at energies lower, often much 
lower, than that expected for incoming photons of known energy. Spurious counts contribute 
to the apparent x-ray continuum and thus cause errors in the analysis, especially for light 
elements such as Na and Mg, whose soft x rays are strongly attenuated in the sample or in 
the beryllium window of the detector. The spurious counts, being generated in the detector 
itself, are not attenuated, and thus the apparent peak-to-background ratio is too low. 

A low-energy shelf of spurious counts appears in all x-ray spectra detected with energy- 
dispersive analyzers. This phenomenon is illustrated in Fig. 1, which shows spurious counts 
at low energy that are not significantly attenuated when mylar filters 2.5 and 5 um thick 
are placed in front of the detector to absorb incoming x rays. In principle, spurious 
counts can be caused by noisy electronics, by backscattered electrons that penetrate the Be 
window of the detector, or by interactions of higher energy x-ray photons in the detector. 
In the spectra of Fig. 1, they are not caused by noisy electronics, for they are absent 
when the beam is turned off. They are not caused by backscattered electrons, for a Sum 
filter of mylar in front of the detector would strongly attenuate backscattered electrons 
from a 20keV beam.! In this paper we show that the spurious counts arise primarily from 
interactions of higher energy x rays in the detector, producing current pulses that are de- 
graded or shifted to lower energy from their expected positon in the pulse height spectrum 
of a Si(Li) detector. We demonstrate a method for measuring correction coefficients for a 
Si(Li} detector that can be used to correct spectra for detector-degraded counts. 


Rattonale 


We want to determine the probability that a photon of given parent energy ED will pro- 
duce a spurious count in the spectrum at a given (lower) shelf energy. For a monochromatic 
source of x rays, this probability or correction factor k(j,1) is the ratio of the number 
of counts N,(j) in the shelf in channel j to the number of counts Np (1) at parent energy ED 
in channel 1: 


kG.) = NSG)/N,() 


Correction factors must be measured for each detector. (Monochromatic sources of x rays 
are not required, however, and correction factors can be measured with the detector in the 
electron-beam instrument in which it is used.) For any spectrum taken with a given detec- 
tor, the total number of spurious counts at a given shelf energy can then be calculated as 
the sum of contributions from higher energy x rays: 


The authors are with the Laboratory of Chemical Physics, NIADDK, National Institute of 
Health, Bethesda, MD 20205. They thank Charles Fiori, Jon McCarthy, and Robert Myklebust 
for helpful discussions; Jon McCarthy for a predistribution version of the analysis program 
ZAFPB; and Douglas Blackburn for glass standards. They would welcome comments from other 
experimenters about their success in using the procedures described. 
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N,Q) = © kG,DN (1) 
s Dj Pp 
and the detector-degraded counts can be subtracted from the spectrum. If correction fac- 


tors have been correctly determined, calculated corrections should account for detector- 
degraded counts observed in all spectra taken with a given detector. 


FIG. 1.--X-ray spec- 


tra detected with a 
100000 P Si(Li) energy- 
y dispersive analyzer. 


Shelf of detector- 
degraded counts is 
evident at low en- 
ergy where incoming 
X rays are attenu- 
ated by Be window 
of detector and by 
“el = Vi mylar in front of 
“es detector: (a) no my- 
lar, (b) 2.5 um my- 
lar, and (c) 5 um 
(bp) 2.5 um mylar filter mylar placed between 
sample and detector. 
(oc) 5.0 km mylar filter pleceean beam en- 
ergy, 19.2 keV. Sam- 
ple: polished glass 
standard (K1635, 
described in Ref. 
100 l | 5). Detector Be 
window, 12.3 um 


0 1 2 3 4 thick. 
ENERGY (KeV) 


In order to determine correction coefficients, it is necessary for ratios of counts at 
low and high energy regions of the spectrum to be independent of count rate or dead time, 
for a given source of x rays. That may not necessarily be the case, for pulse pileup re- 
jection may affect low and high energy regions differently. A quick way to test this is 
to measure the relative peak heights of the Cu Ka and La lines for different count rates. 
When the fast discriminator threshhold for pulse-pileup rejection on the amplifier (NSI 
513A) in our analyzing system was set too high, the Cu La (0.93 keV) to Cu Ka (8.05 keV) 
peak ratio was as much as 25% lower at 40% dead time than at 8% dead time, and the varia- 
tion in pulse pileup rejection over the energy range 1 to 2 keV made accurate corrections 
for detector-degraded counts impossible. When the threshhold was lowered, a ratio of 
counts in the Cu Ka and La peaks was obtained that was independent of count rate to within 
about 3%, which was considered adequate. With the discriminator threshhold thus reduced, 
the amplifying system showed about 5% dead time even with no incoming source of x rays. 
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Measurements of Detector-degraded Counts 


A scanning electron microscope (ETEC autoscan) fitted with a TN2000 energy dispersive 
analyzing system uspplied by Tracor Northern was used in the measurements to be described. 
The x-ray detector (Model 106-41 SP) is a top-hat Si(Li) disk, 10 mm? in area, in an evacu- 
ated housing with a 12um beryllium entrance window. A carbon-lined aluminum collimator 
protected the window and shielded the detector from stray electrons and x rays. It also 
provided a support for the mylar filter holder used for these measurements. 

In order to evaluate the correction factors k(j,1), pairs of x-ray spectra were record- 
ed from targets with strong isolated characteristic lines: LiCl or PVC for C1, KNO3 for K, 
LiSO, for S, Li3P0, for P, CaCO3 for Ca, and the elements Al, Si, Cr, Fe, and Cu. The two 
spectra of each pair were recorded with different thicknesses of mylar placed in front of 
the detector to absorb about 4% and 4 of the peak intensities of the characteristic x rays. 
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The difference spectrum of each pair suppresses the high-energy continuum and isolates the 
shelf contribution of the characteristic x rays. Figure 2 shows the spectra pairs and the 
difference spectrum used to isolate the shelf contribution primarily from Cl Ka x rays. A 
series of 10 pairs of measurements similar to these were made to isolate the contribution 
from 10 different parent energies. 

For parent energies above the Cu Ka peak it became impractical to use mylar filter pairs 
to isolate sheif contributions. Measurements were made instead on carbon at different beam 
energies, with a 3mm thickness of mylar placed in front of the detector to absorb incident 
x rays of less than about 5 keV. Spectra pairs were normalized so as to coincide over the 
energy range 7 to 9 keV and subtracted to produce a difference spectrum. Figure 3 shows 
spectra used to isolate the shelf contribution from parent x rays in the energy range 14 to 
18 keV. Similar spectra were taken at 7 different beam energies to give 6 pairs of spectra. 

For x rays below 30 keV there are 3 distinct contributions to the shelf: the escape 
peak, incomplete charge collection, and Compton scattering. The observed shelf is, to a 
first approximation, a linear combination of these contributions. 


Escape 


The Cl escape peak at about 0.88 keV is evident in the spectra of Fig. 2. It results 
from the escape of a Si Ka X ray from the detector and the consequent loss of 1.74 keV from 
the parent Cl Ka x-ray energy of 2.62 keV. The escape probability ke, was measured as the 
ratio of the net counts in the parent peak to that in the daughter peak within + 1 FWHM of 
their peak energies. Results from measurements at a number of energies are shown in Fig. 
4, curve a, which resembles other published curves.®~9 The solid line in Fig. 4 is a fit 
to the function kg, = (ags/Ep) + bes, which was used to generate a channel-by-channel sub- 
traction for the escape correction. A nonlinearity in the energy scale of our multichannel 
analyzer at energies less than about 2 keV caused escape peaks in this region to appear 10 
to 20 eV lower than expected. Since the low energy escape peaks are most prominent, the 
number of counts subtracted from a given shelf channel was taken to be the product of the 
escape coefficient and the number of counts in the parent channel located 1.75 (and not 1.74 
keV) higher. For Cl parent x rays, our measurements show an escape peak which is 1.1% of 
the parent peak. This value is within about 5% of those obtained by Reed® (p. 148) from 
other measurements and theoretical calculations. (See also Reed and Ware® and Statham.) 


Incomplete Charge Collection 


Counts remaining in difference spectra such as that in Fig. 2(a) were attributed to a 

linear combination of degraded counts: 
NG) Ee k, G NO) 

where 1 is summed over 10 different parent energy regions. For each shelf energy j there 
are 10 equations in 10 unknowns, which were solved for the values of kjc(j,1). The values 
obtained for the shelf energy in the region of Na Ka are plotted in Fig. 4, curve b, as a 
function of parent energy. The correction coefficient for incomplete charge collection kj, 
is only a weak function of shelf energy; values just above and just below Na Ka are equal 
to those at Na Ka within experimental error. It is a strong function of parent energy, 
however, generally decreasing with increasing parent energy. There is an abrupt change at 
the Si absorption edge, and the data are well fit by a curve proportional to the Si absorp- 
tion coefficient (solid line in Fig. 3, curve b). This result suggests that x rays that 
are absorbed in the detector near the partially dead layer at its front surface are most 
likely to be detected as lower energy x rays and that we are measuring the effect of incom- 
plete charge collection. (See Reed ,® p. 41.) 


Compton Seattering 


X rays at 10 keV make a negligible contribution to spurious counts at low energy, but 
at higher energies another process produces spurious counts, as shown by the difference 
spectrum of Fig. 3(b). Compton scattering of x rays in the detector is probably responsi- 
ble for these spurious counts (see discussions on Compton scattering in Woldseth’) , although 
we have no direct evidence that this is the case. From difference spectra such as that of 
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la) ESCAPE FIG. 4.--Correction 
coefficients meas- 
ured for our Si(Li) 
detector as a func- 
tion of energy of 
parent x ray. Cor- 
rection coefficient 
k is the ratio of 
.001 (c) COMPTON detector-degraded 
counts appearing in 
shelf region of spec- 
tra to counts in 
parent region. Data 
points for curves 
(a), (b), and (c) 
were determined from 
measurements such as 
those illustrated in 
Figs. 2 and 3, re- 
spectively. (a) Es- 
cape correction: 
™ fraction of x rays 
1 > 4 6 8 10 2Qwhich are degraded 
by 1.74 keV in Si(Li) 
PARENT ENERGY (KeV) detector as a func- 
tion of energy of 
parent x ray; energy lost is characteristic energy of Si Ka x ray, which escapes from the 
detector; solid line (a) is a fit to function kg, = agg/Ep + beg. (For parent energies in 
GeV, agg = 0.0333, beg = - 0.00158.) (b) and (c) Incomplete charge collection and Compton 
scattering corrections: fraction of incident x rays that interact in detector to give spur- 
ious counts near 1.04 keV; solid line (b) is a fit for energies between 1.84 and 10 keV of 
log of correction coefficient to log of Si mass absorption coefficient plus a constant; 
solid line (c) is a fit for energies above 10 keV of function logjg ko = ac(logig Ey)? + 
belogioE, + cy. (For parent x-ray energies in GeV, a, = -23.3, be = 62.2, Cg = -44.7.) 
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FIG. 5.--X-ray spec- 
trum generated from 
19.2keV electrons in- 
cident on carbon and 
detected with Si(1i) 
detector (a) before 
and (b) after correc- 
tion for detector- 
degraded counts. 
Correction (c), which 
was calculated from 
correction coeffic- 
ients measured for 
our detector, is sum 
of (d) incomplete 
charge collection, 
- a (e) escape, and (f) 
(¢) COMPTON ea See Compton corrections. 
io V “~~ ._ Bumps in calculated 
I NR Compton correction 
10 a elo. are artifacts that 
| | l l | arise from approxi- 
mations for energy- 
0 1 ‘8 dependence of correc- 
ENERGY (keV) tion coefficient. 
Corrections are product, or sum of products, of counts in spectrum with correction coeffi- 
cients illustrated in Fig. 4. 
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Fig. 3(b), the shelf was assumed to originate from parent x rays at an energy <Ep> which was 
an average weighted with the correction coefficient: 


set? = a nee eee ae KGa DN 0) 


Two iterations were judged sufficient to determine values for k~ and <Ep>. The coefficients 
k, determined for the shelf region at Na Ko are plotted in Fig. 4, curve c, as a function of 
parent energy Ep: The solid curve c is a fit to the function 


Log(k (j)}] = a. (j)x* + bLCH)x + ¢,(5) 


where X = log<E, (j)>. The correction coefficients k, for Compton scattering increase rapid- 
ly with increasing parent energies and with decreasing shelf energies. For ease in calcu- 
lating the Compton correction for the carbon spectrum in Fig. 5, the coefficients a,(j), 
b.(j), and c.(j) were fit empirically as a second degree polynomial function of shelf energy. 
Since spectra were collected only for energies up to 10 keV, the bremsstrahlung was extra- 
polated to higher energies for the Compton correction. The high energy continuum was des- 
cribed by the function 

[K, (Ep - £) + Kp (Eo - E)*]/E 


where Eg is the beam energy and E is the x-ray energy .19 


to the smooth part of the spectrum below 10 keV. 


The parameters K, and Kp were fit 


Results 


Escape, incomplete charge collection, and Compton correction coefficients determined for 
our detector are plotted in Fig. 4. When these correction coefficients are applied to a 
carbon spectrum excited by a 19.2keV electron beam, the calculated correction accounts for 
the low-energy shelf in the region where the Be window strongly attenuates incident x rays, 
as shown in Fig. 5. In the energy region around 1 keV, the calculated correction is about 
20% of the total counts. 

In this spectrum, approximately 85 to 90% of the spurious counts below 2 keV is caused 
by incomplete charge collection, 10% by escape, and 2 to 3% by Compton scattering. The es- 
cape coefficient is the largest correction coefficient, but not the largest correction; at 
a given parent energy, escape affects only one shelf energy, that occuring 1.74 keV lower, 
and incomplete charge collection and Compton scattering affect all lower energies. The es- 
cape correction is important, however, because escape introduces spurious peaks in a spec- 
trum which can bias fits from the analysis program that measures peak areas. The Cl escape 
peak, for example, falls just to the lower energy side of the Na peak and, if not subtracted 
from the spectrum, would cause the Na peak to be underestimated. For routine analysis of 
our spectra, corrections for incomplete charge collection and for Compton scattering are 
made only for energies below 1.5 keV, and escape corrections are made for the entire 
spectrum. 

We have tested the shelf correction by measuring Na and Mg concentrations by the peak- 
to-background method in a standard with various amounts of shielding of the emitted radia- 
tion.> Calculated concentrations should be independent of shielding for spectra properly 
corrected for detector-degraded counts. Fitted values for peak and bremsstrahlung counts 
were input to the analysis program ZAFPB,!! which compared peak-to-background ratios of sam- 
ples and standards and computed corrections for differences in mean atomic number, backscat- 
tering, etc., by use of equations given by Statham.! For spectra without shelf corrections, 
increasing shielding caused a steady decrease in the calculated concentrations, since shield- 
ing reduced the intensity of characteristic peaks and bremsstrahlung without affecting the 
shelf. In a range of moderate shielding where analyses of uncorrected spectra gave a syste- 
matic bias and a variation of 40%, analyses of corrected spectra gave concentrations for Na 
and Mg accurate to within about 15% (relative). 

Since heavier shielding, which attenuated more than 60% of the emitted x rays in the Na 
region, caused Na concentrations to be underestimated, even for corrected spectra, we de- 
fined a shielding ratio that allowed spectra with moderate shielding to be selected objec- 
tively. Such a shielding ratio could be defined for any element: a ratio of bremsstrahlung 
counts near the low-energy region of interest to bremsstrahlung counts at high energy. For 
reliable analysis of Na in our spectra, for example, we found that the ratio of counts at 
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1.25 keV to counts at 3.05 keV should be greater than 0.5. 

With the shelf correction and with moderate shielding, the peak-to-background method 
gave results for these elements with soft x rays which begin to approach the accuracy of 
results for elements with harder x rays. These peak-to-background analyses were done with 
samples and standards with approximately the same mean atomic numbers. This procedure mini- 
mized the correction in ZAFPB and doubtless contributed to the accuracy of the results. 

A suggested simplified procedure for calibrating a Si(Li) detector for spurious counts 
is as follows, 


1. Adjust discriminator threshold so that the Cu La to Cu Ka peak ratio is independent 
of count rate. 

2. Measure difference spectra for Si (25 and 50 um mylar), P (25 and 50 um mylar), Cl 
(138 and 63 wm mylar), and K (63 and 125 um mylar), as illustrated in Fig. 2. 

3. Calculate correction coefficients for escape from the Cl and K spectra and for in- 
complete charge collection from all four spectra. Decide whether correction coefficients 
for your detector and those for the detector in this work can be described by the same func- 
tions or whether more data are needed for your detector. Look, for example, for an abrupt 
change in the incomplete charge correction coefficient at the silicon absorption edge. You 
will see this abrupt change only if samples give characteristic peaks on either side of the 
edge. Difference spectra from a sample such as carbon without appropriate characteristic 
peaks give averages over energy regions too wide to demonstrate abrupt changes in the cor- 
rection coefficient. 

4, For beam energies greater than 20 keV, or for light elements measurable with a win- 
dowless detector, Compton scattering is likely to be important. In this case, take spectra 
at beam energies of about 17, 20, and 25 keV with a thick mylar filter in front of the de- 
tector. Obtain difference spectra, as shown in Fig. 3, and calculate Compton correction 
coefficients. Decide whether Compton correction coefficients for your detector and those 
for the detector in this work can be described by the same function or whether more data are 
needed for your detector. 

5. Correct your spectra for detector-shifted counts. For the escape correction, use a 
channel-by-channel correction of the entire spectrum. Check first the linearity of the en- 
ergy scale of the multichannel analyzer; see if the escape peaks for both Cl and K are 
shifted by 1.74 keV from their parent peaks. For incomplete charge and Compton corrections, 
calculate an average correction to be applied only to the Na and Mg regions (or to the low- 
est energy regions of interest). 
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SECONDARY ION MASS SPECTROMETRIC (SIMS) ANALYSIS OF ION EXCHANGE IN 
BIOLOGICAL TISSUE BY USE OF STABLE ISOTOPES 


M. S. Burns 


Since SIMS uses a mass spectrometric detection system, it should be possible to analyze and 
quantitate ion exchange processes in localized areas by use of stable isotope substitution 
for the isotope of greatest natural abundance.!»2 The feasibility of such an analysis was 
examined with ion exchange in toad lens used as a paradigm. 


Experimental 


The intraocular lens depends on ion exchange from the surrounding fluid (aqueous humor) 
for maintaining transparency. The lens can be maintained in vitro for prolonged periods 
(24 hr) in a solution approximating the composition of aqueous humor.’ Substitution of 
lithium for sodium, rubidium for potassium, and 42-calcium or 44-calcium for 40-calcium was 
made in the incubating solution. Following freezing (at -130°C) and freeze-drying (at 
-30°C) the specimens were directly embedded in epoxy resin, sectioned, and supported on a 
silicon wafer overlaid with 99.999% Au for charge conductance. 

Analyses were performed on a Cameca IMS-3f, with 0.* bombardment at a current density 
of 10-* A/cm? and collection of positive secondary ions. Ion images, quantitation routines, 
high mass resolution, and ion energy distributions were used for data analysis. 


Results 


Mass interferences pose a potential problem for quantitative analysis. High mass reso- 
lution showed that masses 7+, 23*, 39+ and 85+ were free of significant interferences.' 
However, the calcium isotopes exhibited interferences which were significant when the cal- 
cium concentration was low. In particular, **-Ca had a high background due to hydrocarbon 
interferences, most probably arising from CO,* generated above the specimen surface. 

The possibility of charging effects giving rise to artifactual ion localization was in- 
vestigated by the use of ion energy distributions. No significant charging or matrix-induced 
effect was found. 

Reproducibility of quantitation is less good in the IMS-3f than previously reported in 
the IMS-300.! Nevertheless quantitation was approached by normalization to a matrix ion, 12°. 

Lithium exchanges for sodium quickly, but not completely, and exhibits a decreasing 
cortical to nuclear gradient. Rubidium substitution for potassium is much slower and is 
evenly distributed throughout the lens at incubation times as long as 5 hr. By the use of 
quantitative data in addition to ion images, a preferential location of calcium was found 
in the apical epithelial space. Extracellular capsule and calcium isotope exchange within 
the lens is much slower than reported in studies using radioactive isotopes.? Images indi- 
cate that large amounts of unincorporated calcium are bound to the external tissue surface, 
which may be responsible for the discrepant results. 

SIMS can be used to perform "pulse-chase" studies in biological specimens using stable 
isotopes. 
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COMBINED X-RAY MICROANALYSIS AND RADIOAUTOGRAPHY OF DIFFUSIBLE ELEMENTS IN AQUEOUS 
SUSPENSIONS OF CELLS AND CELL FRAGMENTS 


W. A. Hagins, M. C. Foster, J. G. George, and Benes Trus 


Identification and analysis of small particles by electron beam excited x-ray microanalysis 
is a commonplace procedure for particles extracted from air or other gases by filtration.! 
When mixtures of fragile particles in aqueous suspensions must be studied, however, special 
problems arise. The suspension must be spread thinly enough so that the particles do not 
overlap and can be recognized in the dried residue of solutes; the solvent must be removed 
by means that do not destroy or distort the particles or selectively remove any of them; 
and the substrate on which the particles are distributed must not interfere with particle 
identification or x-ray microanalysis. This paper describes a method for harvesting and 
studying suspended cells and cell fragments that meets these three requirements and that 
also permits radioautographic measurement of beta-emitting radioisotopes in the dried resi- 
due of the suspension even when water-soluble elements or compounds must remain undisturbed. 
The isolated outer segments of vertebrate retinal rod cells are used to illustrate the pro- 
cedure to study the distribution of K, Os + P, and *5Ca in unusually unstable objects. 


Procedure 


Suspensions of rod outer segments (ROS) were harvested from live frog retinas by a meth- 
od described previous ly .# The suspending medium contained 20 mM NaCl, 80 mM K isethionate, 
10 mM N-2-hydroxyethyl piperazine-N'-2-ethane sulfonate (buffer), 20 mM phosphocreatine, 

5 mM of guanosine and adenosine triphosphates, and 15 mM MgSO,. A trace of *°Cat+ was add- 
ed to provide a suitable radioisotope for the particles to accumulate. The suspension con- 
tained about 1000 ROS per microliter, and about the same concentration of 4um glass micro- 
spheres was added for reasons to be explained. The suspending medium thus contained deci- 
or millimolar levels of Na, P, S, Cl, and K. 

Polyester films about 2 um thick (mylar, obtained from Polysciences, Inc.) were stretch- 
ed tightly over "embroidery rings" and cemented across thin 35mm diameter acrylic rings 
with a-cyanoacrylate adhesive. A 1-ml drop of particle suspension was spread by capillar- 
ity between two films, frozen by dropping into liquid No, warmed to -80°C and stripped of 
its topmost film as shown in Fig. 1. The stripping was made easier if the top film had 
previously been exposed to dichlorodimethyl] silane vapor for 2 hr to make it hydrophobic. 
The stripped layers were about 4-5 um thick, because the glass microspheres prevented the 
two mylar films from approaching more closely. After freeze-drying the layers at -76°C for 
8-36 hr the films were exposed to OsOQ, vapor for 5 min and the particle-free trans sides 
coated with Ilford K5 radioautographic emulsion in a photographic darkroom. After 2-4 days 
to allow the emulsion to be exposed to the *°Ca radiation in a dry chamber at 4°C, the emul- 
sion was developed, fixed, and dried by standard methods.? The film was coated on both 
sides with 10-30 nm of carbon by vacuum evaporation. 

The particle-bearing cts side of a typical film is shown in Fig. 2(a). ROS and glass 
microspheres (S) are seen, along with crystals (C) formed from solutes during the drying 
stage of freeze-drying. In addition to their function as spacers, the microspheres serve 
as position markers and as microanalysis standards that (in this case) contained known 
amounts of Si, K, and Ca. Si area maps of particular regions (not shown) showed patterns 
of distributions of spheres that could be recognized from either the cts or trans side of 
the film. 


The first three authors are with the Laboratory of Chemical Physics, NIADDK; author 
Trus is with the Computer Systems Laboratory, DCRT, National Institutes of Health, Bethesda, 
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The thickness of the polyester film was great enough to arrest 10keV electrons, but 
more energetic electrons excited elements on both ezs and trans sides. The patterns of 
spheres were used to key maps of elements made from the czs sides of the films (on which 
the particles could be seen by SEM) with maps of Ag made from the trans sides (from which 
the particles could not be seen by SEM). The polyester film could be punched through me- 
chanically or with the electron beam to form a Faraday cup useful for measuring beam cur- 
rent. Three holes were punched into each film to provide fiducial marks that could be 
recognized from both eis and trans sides at low magnification. The positions of regions 
on the trans side could then be computed from settings of the stage coordinates when the 
films were mounted with either the ets or trans sides facing up. 


Results 


Element maps from the area shown in Fig. 2(a) were made with a l]0keV electron beam at 
2.5 nA by means of an energy-dispersive spectrometer (Tracor-Northern TN2000). Mapping 
regions centered on the Ka emission lines of P (Fig. 2b, c), K(Fig. 2e) and the L lines of 
Ag (Fig. 2d). The P map also contained counts from the unresolved Os M emission lines, 
thus enhancing the x-ray contrast of the ROS, whose highly unsaturated lipids react with 
at least 2 moles of Os per fatty acid residue.*»° The Ag map was made from the trans side 
of the film; the others, from the cts side of the same region. The counts above continuum 
were grouped in an array of 50 x 50 pixels and interpolated to an array 99 x 99, The Ag 
map was reversed so as to match those of the other elements. To make an even closer com- 
parison between the distribution of Ag and that of the elements on the evs side, the cis 
maps of P + Os (Fig. 2b) and of K (not shown) were convolved with the radial diffusion 
function for the radioautographic process.© The resulting maps (Figs. 2c and e) thus ap- 
pear as if they had been observed with the same spatial resolution as that of the 8 radia- 
tion sources (Fig. 2d). 

If a point source of radiation is located at a height h above a radioautographic emul- 
sion and the emerging 8B particles penetrate through both the emulsion and the polyester 
film with negligible attenuation (a good approximation for the 255keV 8 particles of *3Ca), 
then the density D(r) of developed silver grains will be of the form 


D(r) = A/(r2 + h?) (1) 


where r is radial distance along the emulsion from a point just below the source. This re- 
lation applies out to radial distances at which the obliquity of the 8 particle tracks is 
so great that they are totally absorbed in the emulsion, at which point D(r) becomes® 


D(r) = B/(r? + h2)3/2 (2) 


For the energetic radiation of 45Ca Eq. (1) holds out to distances of about 100 um, vir- 
tually the dimensions of the areas shown. Empirical measurements of the radial distribu- 
tion of Ag grains about point sources of *°Ca radiation in mitochondrial suspensions freeze- 
dried on films similar to that of Fig. 2 yielded a value for h of 6.1 + 1.0 um. This is 
slightly greater than that to be expected from the known 2.5um thickness of the polyester 
film and the 3um thickness of the undeveloped Ilford K5 emulsion, but the difference is not 
great. The empirical value for h was used to transform the cts maps. The effect of the 
transformation on map resolution can be seen by comparing Figs. 2(b) and (c). Fig. 2(d) 
shows accumulation of *°Ca in the ROS and to a lesser extent in the glass microspheres , 
where it presumably substitutes for Ca in the silica matrix. The distribution of K is 
quite unlike that of P + Os, which is especially intense over the ROS. 

Although the distribution of Ag could have been measured by light microscopy, use of 
xX ray mapping is much more convenient despite its limited dynamic range in assessing image 
density in a developed emulsion.’ 


Conelustons 


From study of many preparations like that of Fig. 2 we conclude: (1) Although the fluid 
layers froze quickly (in less than 0.2 s) with no obvious inhomogeneities, major relocation 
of diffusible elements such as K took place during the drying process. Apparently small 
molecules and ions have considerable lateral mobility in the interface between a vacuum and 
a receding ice surface. The 2-4um separation between K-rich crystals visible in Fig. 2 sug- 
gests that diffusible elements cannot be located accurately by freeze-drying unless some 
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stable framework of indiffusible material can be provided to immobilize them during the dry- 
ing step. The distributions of K and S varied in texture in different preparations, but 
once formed, they were stable as long as the film was kept strictly dry. The low water 
permeability of mylar made that possible even during processing of the radioautographic 
emulsions. (2) The distribution of ®-emitting radioisotopes in freeze-dried suspensions 
can be measured quantitatively if the sensitivity and thickness of the radiosensitive emul- 
sion can be determined accurately. Although relations like those of Eqs. (1) and (2) are 
useful, their unknown parameters A, B, and h must be computed from measurements on cali- 
brated sources of radiation of known intensity and spatial distribution. Although such 
calibrations are tedious, the high amplification of the radioautographic process makes pos- 
sible the application of the present method to a much wider variety of problems than are 
accessible to x-ray microanalysis alone. 
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FIG. 1.--Procedure for forming and radioautographing thin aqueous films of suspended particles. 
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FIG. 2.--Images of area of 
freeze-dried suspension of 
frog rod outer segments 
(ROS) containing 4um glass 
microspheres (S); 10keV 
excitation. A. SEM image 
at a beam current of 50 
pA. Many small crystals 
containing K and S are 
visible between the ROS. 
Picture width, 250 um. 

B. Phosphorus K + Osmium 
M x-ray map of same area 
as (A). Beam current, 

2.5 nA. Scanning period, 
l hr. Scans collected 
counts between 1.9 and 2.1 
keV and were grouped in 
computer memory to form 
map 50 x 50 pixels. X-ray 
continuum counts were di- 
gitally subtracted from 
map and pixels were inter- 
polated onto grid of 100 

x 100 pixels. Light areas 
represent regions of high 
elemental abundance. No 
ZAF corrections were 
applied. C. P + Os map 

of (B) convolved in two 
dimensions with radial 
diffusion function of ra- 
diographic process (Eq. 1) 
with h = 6.1 um. Resolu- 
tion of map obtained is to 
be compared with radioauto- 
graphic images of Ag on 
trans side of film cover- 
in same region. D. Elemen- 
tal map of trans side of 
same region with Ag L 
emission. Beam current, 
2.5 nA. Scanning period, 
30 min. Distribution of 
Ag is concentrated over 
ROS, which indicates they 
have accumulated +°Ca after 
lhr incubation; 10uM ruth- 
enium red was added to in- 
cubation medium to inhibit 
Ca accumulation by mito- 
chondria. Ag counts in 
unexposed area of emulsion 
were subtracted and empi- 
rically determined Ag 
counts:8 exposure relation for Ilford KS emulsion was used to convert Ag counts to equiva- 
lent 8 particle exposure. Resulting map is approximate representation of radiation source 
density in particle layer. E. Elemental map of potassium: K emission made from cts side 
of area shown in (A). Continuum counts subracted and image convolved with diffusion func- 
tion (Eq. 2). Interpolated to 100 x 100 pixels. K occurs mainly in small crystals C visi- 
ble.in (A) and not in ROS. Beam current,2.5 nA. Scanning period, 1 hr. 
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PIXE AND XRF ELEMENTAL ANALYSIS OF HUMAN OCULAR TISSUE 
B. J. Panessa, H. W. Kraner, J. B. Warren and K. W. Jones 


In humans, as in other vertebrates, vision depends on the ability to respond appropriately 
to photon excitation. When the rhodopsin in the photoreceptors of the retina absorbs pho- 
tons, Ca** is released intracellularly which decreases the movement of Na ions at the 
plasmalemma and thus alters the membrane potential at the synapse.! Therefore the main- 
tenance of vision depends not only on the function of the various ocular cells, but also 
on the presence and availability of adequate amounts of specific elements. Recent inves- 
tigations on the damaging effects of free radicals produced by light damage and oxygen 
toxicity have also revealed that a group of metallo-enzymes are essential for the preser- 
vation and optimal function of the retina. Peroxidase and superoxide dismutase have been 
found in the retina pigment epithelium (RPE), which suggests that a complex system of free 
radical production and disposal may be continually operating here .2 Superoxide dismutase 
has also been found in the retina with highest activity in the rod outer segments (ROS) .? 
These detoxifying enzymes, along with such essential enzymes as retinol dehydrogenase, car- 
bonic anhydrase, and tryosinase, require the presence of Cu, Zn, or Se. Therefore it can 
be assumed that optimal retinal function depends on the presence of these trace metals as 
well as the routine electrolytes. Previous studies have shown that the melanin pigment in 
the eye may act as a cation reservoir, especially in the RPE.**° For this reason the pig- 
mented cells of the iris, choroid, and RPE are especially interesting. 

This paper describes the elemental composition of normal and pathological human ocular 
tissues from subjects ranging from 28 weeks gestation to eighty years of age. 


Methods 


Recent studies have shown that human RPE cells removed within 6-96 hr after death are 
still viable and can be successfully cultured in vitro.®»’ To reduce the possibility of 
elemental alterations the tissue used in this study was obtained between 12 and 60 hr post 
mortem. Initially the eyes were placed in 3% glutaraldehyde in 0.1 m cacodylate or PIPES 
buffer (pH 7.35) immediately after enucleation. Preliminary analyses demonstrated elemen- 
tal loss following fixation for more than 12 hr. Separation and dissection of unfixed tis- 
sue produced torn and contaminated layers of retinal and RPE tissue. To facilitate peeling 
away the retina and underlying RPE, the eyes were briefly fixed at room temperature for 
20 min to 4 hr. This procedure hardened the tissues sufficiently to permit the neurologi- 
cal retina to be lifted away from the RPE and removed. The RPE was removed as a sheet with 
the underlying choriocapillaris and pigmented choroid (labelled RPE-C) attached. Portions 
of nonpigmented choroid and the pupillary margin of the iris were also prepared for analy-' 
sis. The isolated tissue was trimmed into small rectangular pieces (1.5 x 2 mm to 2 x 3 
mm) and prepared for x-ray fluorescence spectrometry (XRF) and proton induced x-ray emis- 
sion spectroscopy (PIXE). The tissue segments along with 2u1 samples of fixative and buf- 
fer were mounted between two layers of formvar (70-90 mm thick) suspended on a lexan frame. 
The remaining tissue was either immediately dehydrated in acetone, dried by the critical 
point method, and prepared for SEM analysis (samples for electron beam x-ray microanalysis 
were attached to carbon stubs with colloidal graphite and coated with 50-70 nm carbon); or 
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the tissue was postfixed in 1% OsO, at 
room temperature for 1 hour, dehydrated 
in acetone, infiltrated with plastic, 
and examined by light and transmission 
electron microscopy. 

After elemental analysis the PIXE 
and XRF samples were removed from the 
formvar and weighed on a Cahn electro- 
balance for future quantitative analysis. 

The XRF analyses were done with a 
tube-excited hardened, filtered (0.006in. 
molybdenum) x-ray beam,Si(Li) detector 
system, PIXE analyses were done with a 
2.5MeV proton beam (~ 4 mm in diam.) 
with a high-resolution Si(Li) spectro- 
meter placed ~4 cm from the specimen, 
PIXE analysis complements XRF for light- 
er elements. Commercially available 
trace element standards in a represen- 
tative matrix were used for energy and 
concentration calibrations. 


Results 


Electron beam induced x-ray micro- 
analysis of human ocular tissue produced 
spectra suggesting that the majority of 
cations are associated with the pigmented 
tissues of the eye. Analyses of fixed 
isolated RPE-pigmented choroid show Na, 
P, S, Ca, Ba, and Zn signal (Fig. 1). 

The nonpigmented choroidal tissue and 
nonpigmented portion of the iris from a 
28-week fetus do not exhibit significant Ca 
X-ray signal. The pigmented portion of 

the iris however produces prominent Na, 

S, P, K and Ca x-ray events (Fig. 1). 


si_s Although the fixed, critical point 
BPs, dried preparations produced clear spec- 
yf Fe Sedgcnccnaes a aerate. rye tra, charging was a considerable prob- 


lem and necessitated the recoating of the 
specimens with additional carbon. That 
in turn made the detection of trace 
amounts of Ba, Cu, Se, etc. difficult. 
XRF and PIXE spectrometry permit analy- 
sis at higher sensitivity with minimal 
tissue preparation, and so eliminated 
sample charging. Figure 2 shows an XRF 
spectrum of an unfixed RPE-C preparation 
from the same neonatal ocular tissue as 
in Fig. 1. Unlike the electron beam in- 
duced spectrum, the background is notice- 
ably less and the softer x-ray lines, as 
well as the Ba L lines, are clearly 
evident. 


FIG. 1.--Occular tissue from 28-week fetus (death 
due to cord accident). Electron beam x-ray mi- Glutaraldehyde-fixed tissue analyzed 
croanalysis reveals that pigmented tissues exhibit by XRF and PIXE exhibited a loss of K and 
far more cations than nonpigmented adjacent tis- Ca from retinal and iris tissue. This 
sues, 20 keV, 100 pA, 10° tilt, 200 s, spot diam- loss increased with the length of time 
aver SO nm. that the tissue remained in fixative. 
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clearly shows characteristic peaks 


FIG. 2,.--XRF analysis of human RPE-C 
and low background; 30 kV. 
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Table 1 shows the quantitative results from apie 1.--Elemental content after fixation 
ocular tissue that had been prepared immediately 


following fixation and after 5 months in fixative. _ Element (ug/mg dry wt.) 
The RPE and retina were found to rapidly lose K K Ca Zn 
and Ca. K was progressively lost with time; Ca en Ate ae or 

was initially lost but then stabilized at a fixed RPE A} 1.40 1.64 0.14 
amount, after which no further loss occured. Af- 7/81 RPE Ag 2.29 0.80 0.06 
ter fixation the iris appeared to accumulate more ______ Retina Ag 1.06 2.47 0.10 | 
Ca than would normally be found in the natural RPE By 0.79 0.40 0.15 
state. Because of these findings, tissue was not 11/81 RPE Bg 0.36 0.34 0.17 
left in fixative after enucleation. Prior to Retina B3 None 0.74 0.10 


mounting the samples the tissue was briefly fixed 
for less than 4 hr and immediately prepared for 
analysis. 

XRF and PIXE analyses of RPE-C preparations always showed significant amounts of P, 
S, Cl, K, Ca, Fe, Zn, Cu, and (to a lesser extent) Se. 

Human fetal and neonatal RPE-C samples yielded more Ca and usually more Cu and Zn x-ray 
signal than normal adult tissue (the normal adults were 52, 79, 79, and 80 years of age). 
Although Ba has been routinely observed in the retinas of toads ,® frogs,° and some lower 
mammals ,? normal human adult RPE-C preparations did not reveal any Ba x-ray events. Barium 
was also not found in the retina or iris of normal eyes. However, barium was observed in 
the RPE and iris of babies who suffered from oxygen toxicity, and in the RPE from a patient 
with advanced diabetic retinopathy. Both the neonatal oxygen toxicity tissue and the dia- 
betic ocular tissue also showed elevated Ca levels. Although Cu is not usually seen to any 
extent above background, small Gaussian Cu Ka peaks could be clearly seen for both RPE and 
iris analyses from the oxygen toxicity and advanced diabetic patients. There is also a 
slight increase in Zn content in these samples. 

No significant increase in Ca or Cu content was observed in darkly versus lightly pig- 
mented eyes. 

Ocular tissue from babies suffering from anencephaly and hydrocephaly yield spectra 
with less Ca and Zn. Too few samples have been studied to date to determine if these ele- 
mental differences are related to abnormal neurological development or to nutrition and 
care following delivery. 

In summary, PIXE and XRF have provided a quick analysis of the elemental composition of 
specific isolated ocular tissues, and reveal that the composition of human tissue is very 
similar to that of other vertebrates. An exception is the absence of detectable amounts of 
Ba in normal adult fetal and newborn RPE, iris, and retina. Unlike frogs, toads, cats, and 
cows, humans lack significant amounts of ocular Ba. Significant amounts of Ba were found 
in iris and RPE tissue from a patient with advanced diabetic retinopathy and in three neo- 
nates suffering from anoxia and/or oxygen toxicity. The Ca content in the iris and RPE tis- 
sues from these subjects was also about twice that of normal individuals. Perhaps such an 
increase in total tissue Ca deposition is also accompanied by the deposition of Ba. RPE 
samples from a patient with mild retinopathy also showed a 1.1-2 fold increase in Ca con- 
tent, but no detectable Ba. 

The slight elevation in Cu and Zn x-ray signal in the aforementioned pathological speci- 
mens may be due to increased superoxide dismutase or other free radical detoxifying enzymes. 
Further analyses are necessary to determine whether the altered Zn and Cu levels are char- 
acteristic of severe retinopathy. 
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Electron Probe Quantitation 


FLUORINE ELECTRON MICROPROBE ANALYSIS: VARIATIONS OF X-RAY PEAK SHAPE 
T. N. Solberg 


Fluorine microprobe analysis of various minerals at our laboratory with the use of a 16- 
element analytical scheme! has agreed with wet chemical analysis with the exception of to- 
pazes; our, topaz analysis for fluorine is about 20% too low. A study of the fluorine Ka 
peak shape was done to help resolve why topaz should be analytically aberrant. 

We used our ARL SEMQ long-wavelength x-ray scanning spectrometer which was initially 
equipped with a TAP crystal. Although TAP does give higher count rates than RAP, the poor 
resolution of TAP obscures peak shapes and it was therefore replaced with a RAP crystal. 

A 15kV beam potential was used for this study since we use this potential for most micro- 
probe analysis. Figure 1 shows the superimposed F Ka scans from norbergite and a topaz. 

The original trace was produced on a x-y analog plotter whose x-axis was controlled by a 
potentiometer coupled to the motion of the x-ray spectrometer. A count rate meter control- 
led the y-axis. Although topaz contains more fluorine than the norbergite, the peak heights 
are nearly identical. However, when one measures the areas of the two peaks, one finds that 
the topaz has 20% more area than the norbergite. This is somewhat encouraging in that an 
area measurement rather than peak measurement would bring microprobe fluorine analysis into 
agreement with wet chemical analysis for topaz. But this would probably not be a practical 
procedure given the low count rates of less than 1 cps for most minerals. We want to in- 
crease neither count times nor beam currents. The difference in shape of the F Ka peaks for 
these two minerals was unexpected. Other light elements such as aluminum have been stud- 
ied* and spectra variations were expected since coordinations do indeed vary. Study of the 
fluorine Ka spectra from various compounds should help determine appropriate standards for 
mineral analysis. Also, empirical factors might be determined to correct analysis for 
spectra shape differences, 

However, when we try to measure the peaks from 
many minerals of interest by the method used for 
Fig. 1, we find that the spectrometer potentiometer 
is neither linear nor accurate enough for careful 
peak studies. Also, the count rates are so low that 
statistical noise is equal to the peak intensity. 

Since we have a computer-automated microprobe we 
wrote a program for signal-averaging 110 ls counts, 
corrected for beam current drift, through the F Ka 
peak. These 110 stored counts were then averaged 
with subsequent scans. The number of passes varied 
from 8 to 300; the longest took 10 hr. When the ma- 
terial being studied was large enough, the stage was 
also stepped 4 um after each pass. The beam was ras- 
tered over a 10 x 8um area. Data were stored on a 
disk file for later smoothing and calculations. 

The disk-stored, signal-averaged F Ka spectra 
data were later plotted by a terminal 132 characters 
wide. There still was too much scatter for the less 
intense peaks. An attempt to smooth the data by 
a moving weighted average did reduce noise but dis- 
torted peak shapes too much. However, a least- 
squares method for smoothing data has been published? that preserves peak shape. We used 
a five-point method in which the new data point value is calculated from the equation 


in —— Topaz 
— — Norbergite 


FIG. 1.--Fluorine Ka x-ray emission 
vs electron volts (15kV RAP crystal) 
from norbergite (13.5 wt.% F) and 
topaz (17.6 wt.%). Topaz peak area 
is 20% larger than that of the nor- 
bergite. 


The author is at the Department of Geological Sciences of the Virginia Polytechnic 
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C'(I) = (1/35) [17C(1)} + 12C(1 + 1) - 3C(1I + 2)] and normalized. 

This method of least-squares smoothing exceeded our expectations and the final results 
of smoothing and subtracting background for the F Ka spectra were plotted on the terminal 
with peak height and sums of counts above background also printed out. 
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FIG, 4.--Comparison of fluorine Ka 
spectra from simple fluorides. 


Figure 2 shows the F Ka spectra of several minerals in which we are interested. Note 
that all have a resolved Ka; and Kay peak, with topaz the exception. Not shown is a com- 
parison of the F Ka peak from a fluorine-rich topaz (Thomas Range, Utah) with a OH rich 
topaz (Brewer, S.C.), since the spectra are identical. 

Table 1 compares peak counts and our summed counts, which approximate an area measure- 
ment. Note that the topazes have a ratio of sum to peak around 25 and most minerals have 
a ratio of 20. : 

Figure 3 shows the fluorine peak for some apatites of wide fluorine values. Note the 
interfering P Ka? peak. Pulse height settings and crystal resolution require special care 
in apatite analysis. 
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TABLE 1 Some fluoride compound Ka spectra are 
shown in Fig. 4. The ZnF, fluoride would 
seem inadequate as a standard for most 


NUMBER 


OF SUM (CPS) Bete - ae foot 
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an empirical correction for topaz fluorine 


TOPAZES analysis with Our normal 1l6-element mineral 
AMPHIBOLES analysis scheme. We hope to do more work 
MICAS at different voltages and on other materials 
CRYOLITE to understand the fluorine bonding and 
FLUORITE chemistry. 

THOMSENOLITE The averaging and least squares method 


we implemented would help us in other mi- 
croprobe studies, such as trace element 
analysis and X-ray spectra studies of the 
L lines of transition elements. 
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QUANTITATIVE ELECTRON PROBE MICROANALYSIS: A REVIEW 
J. D. Brown 


The idea of analysis of materials by x rays generated by an electron beam had its origin 
in the work of Mosley! about 70 years ago; the first true electron-probe microanalyzer 
was built by R. Castaing? about 30 years ago. He is also responsible for the ideas of 
quantitative microanalysis based on pure element standards, recognizing that the use of 
standards close in composition to the unknown, as generally used in x-ray spectrometry, 
is just not practical in electron probe microanalysis. If the standard and unknown 

are very different in composition, then corrections must be applied to measured x-ray 
intensities to obtain the composition. The major corrections have now been identified; 
absorption of the characteristic x rays as they leave the specimen at some angle V, 
fluorescence of asecond element due to excitation by absorption of the characteristic 

x rays of the first element or by absorption of continuum radiation, and an effect of 
average atomic number of the specimen that alters the number of x rays produced per 
electron per unit concentration. The first of these corrections is the absorption 
correction, the second the fluorescence correction , and the third the atomic number 
correction. 

R. Castaing” in his thesis clearly showed the need for an absorption and fluores- 
cence correction and within ten years of the publication of his thesis identified the 
two factors that lead to an atomic number correction.* Since the beginnings of quanti- 
tative analysis, correction methods have tended to proceed along one of three or four 
pathways. The first and most prominent method has involved the isolation and calcula- 
tion of atomic number, absorption, and fluorescence effects separately--the so-called 
ZAF method. In the second, analytic expressions are used to describe the relationship 
between intensity and concentration, similar to the influence coefficient methods of 
x-ray spectrometry. The third important group of methods model the interaction of an 
individual electron with the solid specimen by use of Monte Carlo methods or energy 
transport equations. Finally, attempts have been made to model the depth distribution 
of x-ray production from which all the corrections may be derived. Because the first 
experimental measurements were made by Castaing and Descamps, * who termed the x-ray 
production curves $(pz) curves, these methods have become known as $(pz) methods. The 
purpose of this paper is to review these approaches, underlining their strengths and 
limitations and to suggest areas in which further work is warranted. 


ZAF Correcttons 


When energetic electrons strike the surface of a solid target, x rays are generated 
not only at the surface but also within the volume of the target [o(pz) curves]. When 
they leave the specimen, absorption takes place. This is the origin of the absorption 
correction, illustrated in Fig. 1, in which the upper curve shows the origin of the 
x rays as a function of depth in the specimen, whereas the lower curve shows the 
intensity that escapes from the specimen. In general, the absorption is different in 
the specimen and the pure element standard both because the mass absorption coefficients 
are different and because the shape of the $(pz) curves is different. The absorption 
correction requires that this fraction of x rays f(x) escaping from the sample be known 
so that the intensity of the characteristic x-ray line of element A from the specimen, 


The author is at the Faculty of Engineering Science and Centre for Interdisciplinary 
Studies in Chemical Physics of the University of Western Ontario, London, Ont., Canada. 
He thanks the Natural Sciences and Engineering Research Council of Canada for the 
financial support that has made this work possible and to his co-workers R. H. Packwood, 
L. Parobek, and W. Robinson, who have contributed significantly to the 6(pz) program. 
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compared with the intensity of the same line under identical electron bombardment condi- 


tions from the pure element; Ky, is given by 


ee hg F(X) 
A A £.(Xg) 


where W, is the weight fraction, x is the absorption parameter u csc , W is the mass 
absorption coefficient, y is the x-ray take-off angle, and A and S refer to the unknown 
and pure element standard, respectively. This relation holds provided only an absorption 
correction is necessary. Values of f(y) as a function of y (absorption correction 
curves) were first produced by Castaing from measurements of (pz) curves. Very soon 
thereafter a number of authors, notably Green,° measured x-ray intensity as a function 

of take-off angle to obtain f(y) curves. Philibert then derived an expression for 

f(x) which has become the most widely used absorption expression. In its simplified 
form, which Philibert warned was not applicable in high-absorption conditions, 


PE ee ee 
(x) = fi + (&/o)]f1 + All + (X/o)T} 


where h = 1.2A/Z2, A is the atomic weight, Z is the atomic number, and 0 is an electron 
absorption parameter. The absorption correction in this form implies a ¢(9z) distribu- 
tion which, is zero at the surface and decays exponentially past the region of highest 
intensity.’ Both these assumptions are incorrect. Philibert originally proposed using 
Lenard's coefficient for 0, which depends only on the incident electron energy, but 
it was quickly realized by Duncumb and Shields® and by Heinrich? that o should also 
depend on the absorption edge energy to yield better agreement with absorption correc- 
tion curves, particularly at low electron energies; and so similar expressions for 0 
were proposed by those two authors. 

More recently, particularly with reference to analysis of low atomic number 
elements,+°’!! investigators have reverted to the more complete Philibert expression 


in which the major problem is the values to be introduced for Ro and Ro, the values for 
the mean electron path length at the surface and at the depth where complete | randomiza- 
tion has occurred. Philibert proposed using Ro = 4 and Duncumb and Melford!? have shown 
that Ro is equivalent to $¢(0). Although this complete expression has a finite value 

for $(0), the expression is still based on an exponentially decaying $(9z), which still 
overestimategthe x-ray intensity at large depths in the specimen. 

The opposite trend toward simplified expressions for the absorption have also 
occurred. Duncumb and Melford, for low atomic number elements and high absorption 
Situations, proposed their thin film model, in which the escaping x- ray intensity decays 
exponentially from the surface value. Bishop?? has proposed a model in which the $(0z) 
curve is approximated by a constant intensity. Heinrich and Yakowitz’* have proposed a 
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CARBON Ka IN AND FROM TiC 


Surface 


B(pz) 


Fluorescent 


6) I25 250 375 
DEPTH, ug/cm? 
FIG. 1.--X-ray generation curves $(pz) FIG. 2.--Geometry used in calculation of 
for C K line in TiC (upper curve) and fluorescene effect. 


origin of x rays emitted from sample at 
an x-ray take-off angle of 52.5% (lower 
curve). 


quadratic expression in x for f(x), implying an independence of f(x) on Z and A of the 
target. In all cases, these expressions can be used with reasonable accuracy in limited 
circumstances and they do possess the advantage of being simple mathematically. However, 
with the easy access to quite sophisticated and inexpensive computers, the need for 

such simplifications is rapidly disappearing. 


The Fluorescence Correctton 


If an element is present in a specimen that strongly absorbs the characteristic 
radiation of a second element in the specimen, the inevitable consequence is that the 
absorbing element will be excited by ionization in one or more of its inner shells. 

This effect in turn leads to emission of characteristic x rays which add to that emitted 
aS a consequence of direct electron excitation. A number of authors’*® !” beginning with 
Castaing” have derived expressions to calculate this fluorescent contribution. The 
geometry used is shown in Fg. 2. Primary x rays of element B from a layer doz at depth 
oz in a specimen are absorbed byA atoms in a thin layer dot at a depth deeper into the 
specimen leading to emission of characteristic x rays of A which can escape from the 
specimen diminished by absorption on the path leaving the specimen. By appropriate inte- 
gration over all depths for the secondary radiation, and then for all depths for the 
primary radiation, the contribution of fluorescent radiation can be calculated. The 

sole remaining task is to relate x-ray intensities of two different elements. 

In the derivations, because of difficulties in integrating the expressions, 
simplified expressions for the $(pz) curves are used which are either a point source of 
primary x rays at the surface’® or an exponential decrease in intensity from the sur- 
face.?’17 Expressions such as those of Rosseland?® or Webster’? have been used to 
relate the intensities of two characteristic lines into which empirical factors were 
introduced by Duncumb and Reed depending on which lines from different electron shells 
are involved. The accuracy of the fluorescence correction is also limited by the large 
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number of physical constants required such as the fluorescent yields and the absorption 
jump ratios. Since the largest correction is the order of 20% of the primary intensity 
and frequently is negligible or only a few per cent, it has been argued that the fluores- 
cente correction is known well enough. 

In the same way that fluorescence can occur as a result of absorption of charac- 
teristic radiation, the absorption of continuum can have the same effect. Henoc?® derived 
an expression for continuum fluorescence in which the additional integration over the 
wavelengths of the continuum was performed assuming Kramers's formula”! for the con- 
tinuum. The result is a very complex expression indeed, which has subsequently been 
analyzed and simplified by Springer.** This correction has largely been neglected in 
quantitative corrections, although both Duncumb et al.** and Springer and Rosner** have 
evaluated the effect and found it to be greater than 1% for less than 20% of analyses. 


The Atomte Number Effect 


The atomic number effect is the consequence of a difference in the number of x rays 
generated per electron per unit concentration in matrices of different average atomic 
number Z. The higher the Z, the greater the number of x rays emitted per electron. The 
atomic number effect increases as the electron energy decreases towards the absorption 
edge energy. The two important effects that contribute to the atomic number effect are 
the stopping power for electrons and the backscatter factor R. The differences in 
stopping power lead to greater x-ray generation as Z increases; and because the back- 
scatter coefficient increases with Z carrying off more energy, x-ray generation decreases 
with increasing Z. 

The intensity ratio Ky’, after correction for absorption, can be written as the 
ratio of the intensity gnerated inside the sample: 


E 
* Qy(E)dE 
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where Q represents the ionization cross section for the element A in unknown and standard 
and dE/d% is the energy loss per unit path length (stopping power). The first atomic 
number correction was published by P. M. Thomas,”° who assumed that an average stopping 
power S could be used for the integral of dE/d£ and that the ionization cross section 

was identical in form for both unknown and standard. The backscatter factor R was 
obtained by a simplistic integration of the backscatter data of Brand?® and the stopping 
power from Nelm's data.?7 

Duncumb and Reed?® improved on the backscatter factor using Bishop's data?? and 
used Bethe's expression ®° to generate a better stopping-power expression. Philibert and 
Tixier*! introduced a variation of Q with energy into their atomic number expression. 
Recently, Love et al.'! have also proposed changes to this same basic formulism by using 
a different stopping power expression and a different expression for R based on Monte 
Carlo calculations. 

Many of the proposed atomic number corrections have been justified on the basis of 
error histograms, as first suggested by Poole.** The difficulty with this kind of 
evaluation, particularly if the simplified expression of Philibert is used for the 
absorption correction, is that any errors in the absorption correction then become part 
of the correction for the atomic number effect. Consequently, although in practical terms 
the correction procedures lead to acceptable accuracy for quantitative analysis, the model 
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and the reasons for using particular equations may be quite inaccurate. Note that even 
if mass absorption coefficients for two elements in a binary specimen are identical, 
a Significant absorption correction can still be present because the shape of the (pz) 
varies significantly as a function of Z. This point will be discussed further later. 


Analytte Expresstons 


Rather than trying to model the electron interactions, several authors beginning 
with Ziebold and Ogilvie?" attempted to model the relationship between intensity and 
concentration. These equations have had the formulism of the second approximation of 
Castaing.” 


The ao values were approximated from the Philibert formula, empirical measurements, or 
simplified quantitative models. This approach has received much wider acceptance in 
x-ray spectrometry than in electron probe microanalysis, probably as a consequence of 
the easier application of theoretical calculation methods to the problem of the inter- 
action of monoenergic electrons with matter. In mineral analysis, Bence and Albee®?®> 
have proposed such a relationship for silicates and oxides in terms of oxide weight 
percentages, in which each oxide is assigned an q coefficient and treated as if it were 
an element. This approach has received some acceptance. This formulism is identical 
in form to the influence coefficient equations. 


Monte Carlo and Transport Equations 


In the Monte Carlo method, the trajectories of individual electrons are followed with 
the key interaction events being predicted on the basis of random numbers. To obtain 
reasonable statistics, a large number (1000 to 10 000) of electrons must be followed, 
from the moment of impact on the surface, through hundreds or thousands of interactions, 
until the electron either loses enough of its energy so that it can no longer excite 
xX rays or leaves the specimen surface as a backscattered electron. In the calculations, 
models for electron energy loss, electron scattering, x-ray cross section, and mean 
ionization potential are required. These interactions must be known in quite great 
detail for the proper modeling. Some of the strengths of the Monte Carlo method are the 
ability to predict a large number of experimentally measurable quantities such as 
electron backscatter coefficients, energy and angular distribution, x-ray production 
with depth, Auger electron yields, and energy deposition contours. An additional strength 
of the method lies in the relatively simple way thin layers, small particles, interfaces, 
and layered structures can be modelled. With many of the programs excellent agreement 
is being obtained among these experimentally measured parameters, and workers in Japan 
have succeeded in accurately predicting $(pz) curves at low electron energies as well 
as the yield of Auger electrons. Models of electron interactions are being modified to 
give better agreement with these various experimentally measured properties. 

D. B. Brown?® was the first to advocate the use of an energy transport equation for 
modeling electron interactions of importance to electron probe micronalysis. This 
formulism has the advantage of being much less demanding of computer time but is more 
complicated in that the equations model collective behavior of electrons rather than 
single interactions. These equations have received much less attention than Monte Carlo 
calculations. 


o(9z) Equattons 


Castaing® pointed out that the measured intensity ratio can be written in terms of 
the depth distribution of x-ray production, as 
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He also showed in a paper with Descamps* that by use of a sandwich sample, the 
o(oz) curves could be measured. If the $({pz) curves are known, then both the absorp- 
tion and atomic number corrections can be calculated. For absorption, 


poo “Hy 02 csc 
>, (Pz) € doz 


EX) = = 
i >, (pz)dpz 


Note that the f(x) value depends not only on x, but also the detailed shape. of the 

d(oz) curve which changes as a function of Z. The h in the Philibert expression is 

the only factor which accounts for this variation, and it is not completely satisfactory. 
As a consequence, some of the Z dependence of the absorption correction spills over 

the atomic number correction in the conventional ZAF approach. The atomic number 
correction 


>, (pz)dpz 


(92) dpz 


is just the area under the curves, i.e., the total intensity for x-ray generation 
per unit concentration. If the primary x-ray distribution is known, it is a rather 
straightforward task to calculate any characteristic fluorescence effects that might 
occur in a specimen. 

The first attempts to model $(9z) curves analytically were by authors who were 
developing fluorescence corrections.”’'® As a consequence, simple expressions that 
could be integrated were proposed without great concern for accuracy. As has been 
already pointed out, the Philibert adsorption correction in its simplified form implies 
a ¢(pz) curve which is zero at the surface, rises rapidly to a maximum, and then 
decays exponentially at greater depths. Heinrich®’ proposed overcoming these obvious 
limitations by offsetting both axes of that expression, which would give curves more 
in agreement with the shape of the measured curves. Wittry’® proposed a Gaussian form 
to the ¢(9z) curve with the maximum centred at the maximum in the $(pz) curve. More 
recently, Parobek and Brown?® and then Robinson and Brown’? looked at an empirical 
fit to a large body of experimentally measured o(pz) curves and modelled the curves 
by the equation 


(pz) = DKn[K(pz - pzo)]"+ exp[-K(pz - pz0)™] 
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with the four parameters D, K, n, and zg being established by the fits to experimental 
data and appropriate plotting to find the functional dependence. ~ 

This equation could be used to calculate ${9z) curves to perform quantitative 
analysis but suffers from the limitation of empirical equations, that is extrapolating 
to conditions of measurement away from those of the measured $(pz) curves is subject 
to large error. 

Packwood and Brown*® have shown that the ¢(pz) curves are indeed Gaussian but with 
the Gaussian centered at the surface of the specimen. Further, they were able to 
relate the parameters of the Gaussian 


re: 


Bpz| 0 (pz)? 
Yo 


o(pz) = Yo {1 - 


which are a, 8, and Yo, to the laws of electron scattering and energy loss. With the 
Gaussian equation, error histograms have been obtained that are comparable to the best 
obtained by the conventional ZAF approach. These error histograms change quite quickly 
and distinctly with rather small changes in the three parameters, which suggests that 
the accuracy of quantitative analysis is more sensitive to the shape of the $(pz) curve 
than previously thought. A significant advantage to the use of the Gaussian expression 
for o(pz) curves for quantitative analysis is that it can be tested and improved at 
several levels. First, since the parameters of the equation can be derived from 
electron scattering laws, improvements in theory should lead to improved parameters. 
Second, as more $(pz) curves are either experimentally measured or generated from Monte 
Carlo calculations, the Gaussian expression can be improved. Finally, quantitative 
calculations leading to error histograms can be used as a guide to adjusting the para- 
meters. 

A major outstanding problem in electron probe microanalysis is the effect of 
electron incidence angle on quantitative analysis. Progress in using the Gaussian 
equation in this situation is the subject of another paper at this conference. 
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CORRECTION FOR ELECTRON INCIDENCE ANGLE IN QUANTITATIVE ANALYSIS 


W. H. Robinson and J. D. Brown 


A quantitative electron probe microanalysis method for non-normal electron incidence 

is desirable because of the variety of geometries that can exist in electron probe 

microanalyzers or in scanning electron microscopes equipped with energy-dispersive 

X-ray spectrometers. One method of studying the effect of electron incidence angle 

(the angle between the surface and the electron beam) in quantitative analysis is to 

examine how the depth distribution of primary x-ray production $(pz) is altered with 

changing ©. A Gaussian expression for $(9z) can be used to model this effect. 
Quantitative analysis based on $(pz) was first proposed by Castaing! for a measured 

x-ray intensity ratio K, 


. A 
d 
J oq 602) exp[-(u, pz ese p)] d(pz) 


K = Wa 


a S 
(pz) exp[-(u, pz esc p)] d(oz) 
0 


where subscript A refers to the unknown specimen and Sasha sere S refers to the pure 
element standard, Wy is the weight fraction of A, Hy and the are the mass absorption 
coefficients, and yw is the x-ray take-off angle. Wesisuxewents of (pz) may be 
performed by the sandwich sample technique.” A modified Gaussian expression has been 
proposed to model (pz) curves, which has been shown to be a very accurate correction 
procedure. The (oz) curve is described by 


You (0) 


(pz) = Y,e— POO paces td: ee 
Yo 
The term a describes the x-ray production for depths greater than the maximum of the 
¢(pz) distribution, 8 describes the process of randomization from zero depth to the 
maximum of (pz), Y, describes the amplitude of the Gaussian at zero depth, and $(0) 
describes the actual x-ray production at zero depth. The equations for these terms are 
given elsewhere. : 

The (pz) curve shown in Fig. 1 was measured” for electron incidence angles of 
75° and 60° as well as for © = 90° (normal incidence), the sandwich sample is composed 
of a zinc tracer in a copper matrix, and the electron accelerating voltage was 25 kV. 
The o(0) value used for normal incidence was determined from the equation proposed by 
Reuter. 


(0) = 1.0 + 2.8(1.0 - 0.9E /E,)n 


where E, is the absorptionedge energy, Ey is the electron energy, and n is the 
backscatter coefficient. Values of n are from Heinrich.’ Values o(0) at non- 

normal incidence were estimated by multiplying (0) at normal incidence by the ratio of 
the x-ray intensity from the tracer layer on the matrix at angle ® to the x-ray 


The authors are at the Faculty of Engineering Science and Centre for Interdisciplin- 
ary Studies in Chemical Physics of the University of Western Ontario, London, Ont., 
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intensity from the 
tracer on the matrix 
at normal incidence. 


Since the path length 
COPPER MATRIX of the tracer layer 
ZINC TRACER at the surface in- 
25 KV creases as the in- 


cidence angle de~ 
sen creases, a sin 4 
a7 correction is in- 
me? cluded. The depth 
of maximum x-ray 
production tends to 
shift to smaller 
depths as the in- 
cidence angle de- 
creases and indi- 
cates a decrease in 
the absorption 
= ———— correction, 
0-00 6-20 0.40 0.60 0.80 1-00 1-20 1-40 The Gaussian ex- 
pression should be 


1-0 


PZ (mg om“) modified to include 
FIG. 1.--Measured $(pz) curves for zinc tracer in copper the effect of the 
at 25 KV. incidence angle ®. 


The values of a and 
B are derived start- 
ing from a screened Rutherford scattering cross section and are not influenced 6. How- 
ever, the depth over which these parameters act is altered by a simple geometric factor 
sin°®, The amplitude of the Gaussian is modified by sin ‘@ to account for oblique 
trajectories (relative to the surface normal) that produce more x rays per layer of 
sample. An increase in $(0) with decreasing angle may be accounted for by an increase 
in the backscatter coefficient with decreasing angle. Values of mn have been measured 
as a function of 6 and can be described® 
a sin® 
"6 = 0.891 aor | 
The backscatter coefficient at normal incidence is Nm and at angle ® is Ng. The 
modified form of Gaussian expression to include incidence angle and comparisons to 
measured x-ray intensities will be discussed. 
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RELATIVE INTENSITIES OF K- AND L-SHELL X-RAY LINES 
T. P. Schreiber and A. M. Wims 


Because of the limited data in the literature, we measured and calculated relative inten- 
sities for K- and L-shell x-ray lines of interest in energy dispersive spectrometry 
(EDS). The results we have obtained will be useful in EDS micronalysis with high- 
voltage scanning transmission electron microscopes (STEM) and adaptable to lower- 
voltage scanning electron microscopes (SEM) with proper corrections for bulk sample 
effects. 

To make satisfactory analyses with energy dispersive x-ray spectrometers (EDS), 
the measured x-ray spectra must be fully evaluated. This evaluation requires a detailed 
knowledge of the relative intensities of x-ray lines, so that elements can be properly 
identified and overlaps corrected. The L-shell relative intensities in current use in 
analytical electron microscopy'~* are not satisfactory and can be misleading when ele- 
ment identification is attempted. 

Because the three L-subshells have different ionization potentials, the ionization 
cross sections change at different rates as the energy of the ionizing electrons is 
reduced. This effect is not significant for thin specimens excited at high voltages 
(100 to 200 kV) in a STEM because very little energy is lost in traversing the specimen 
and the overvoltages (ratio of beam voltage Ep to critical ionization voltage E,} are 
high. For bulk specimens and the lower voltages (30 kV) used in an SEM, the situation 
is much different. When an electron beam strikes a bulk specimen the electrons lose 
energy through successive collisions and ionizations and cause the total ionization for 
each subshell to be due to electrons from the energy range Eo to E,. In addition, the 
lower-energy ionizations occur deeper in the specimen and suffer greater absorption in 
exiting. These complications result in L-shell relative intensities which are sensitive 
to beam voltage. The data in this report are not directly applicable to bulk specimens, 
but a possible correction procedure will be suggested. 

This report describes the K- and L-shell relative intensity data for specific x-ray 
lines obtained during our work on relative intensity factors for thin film analysis* 
where only the intensity data on combinations of lines were needed. Some of the data 
presented here were obtained experimentally by us and by others®; some were calculated 
from experimental and theoretical data in the literature. The report shows how theoret- 
ical data from the literature® can be used to develop functions for calculating improved 
relative intensities. 


Experimental 


Measurements. Relative intensity values were obtained for L-shell x-rays with two 
instruments: a Japan Electron Optics Laboratory Model JEM 200 C scanning transmission 
electron microscope (STEM) equipped with a Kevex energy-dispersive x-ray spectrometer 
(EDS); and an Applied Research Laboratories Model EMX electron probe microanalyzer 
equipped with crystal spectrometers. The STEM (at 200 kV) was used to obtain L-shell 
intensity data for the heavier elements, barium and above, where the EDS adequately 
resolves sufficient x-ray lines so that relative intensities can be evaluated. The 
electron probe (at 20 kV) was used for the lighter elements because its crystal spectro- 
meters are capable of much higher resolution than the EDS. 


The authors are with the Analytical Chemistry Department, General Motors Research 
Laboratories, Warren, MI 48080. The aid of A. C. Ottoloni, who made the intensity 
measurements on the electron probe, is acknowledged with thanks. 
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The EDS data were corrected for background using the Kevex computer program,’ and 
data are presented only for elements for which satisfactory resolution was obtained. 
We applied no voltage corrections because the overvoltages were very high owing to the 
200 kV beam voltage, and the thin specimens we used caused practically no energy loss. 

The electron probe data were corrected for background and no corrections were made 
for variations in spectrometer efficiency because errors from this source are small due 
to the proximity of the most intense lines. The voltage correction described by 
Myklebust et al.’ was applied to the probe data for atomic numbers 50 and below. 


Samples. Samples for the STEM were finely divided powders of either metals or 
compounds which were dispersed onto carbon coated carbon grids. For the electron probe, 
bulk specimens of metals and compounds were used. 


Results and Diseusston 


L-Shell Relative Intensities. The emission of L-shell x rays is complicated by the 
subshell structure where Coster-Kronig® transitions, which occur between the subshells, 
change the vacancy location within the shell. Since the distribution of the vacancies is 
reflected in the relative line intensities, the Coster-Kronig transitions are important 
in determining relative intensities. 

Burhop and Asaad? have shown that the Coster-Kronig transitions alter the initial 
vacancy distribution N; to an effective distribution V; (where "i" refers to the subshell), 
as follows: V1 = Ni; Vo = No + £12Ni3; V3 = N3 + fo3No + (f13 + fiofeo3)Ni; where fio, f13, 
f23 are the probabilities of the Coster-Kronig transitions lL; > L2, Li > L3, and Lg > Ls, 
respectively. 

The primary vacancy distrition N; is a function of the mode of excitation, but for 
electron impact where the electron beam voltage is greater than three times the ionization 
voltage of the particular atomic level, the value of N; is very nearly equal to the 
Statistical weight of the level. Since the electron distribution for the L-shells is 
Li = 2, Le = 2, L3 = 4, the values of Nj are Ni = 0.25, No = 0.25, and N3 = 0.5. 

To calculate relative intensities, we developed equations that utilize the data from 
the literature. The intensity per L-vacancy, I(L;Y;), of an x-ray line is 


Tp (L,Y;) 


ee ae (1) 


where L; is the vacant atomic level, Yj; is the atomic level donating the electron, I'p is 
the x-ray emission rate, and Ty is the total decay rate which is the sum of the x-ray, 
Auger, and Coster-Kronig rates. By definition, the fluorescence yield wj is 


QT, (L.) 
RL 

Wo. = =o (2) 
i rh; ) 


which on rearrangement and substitution into Eq. (1) gives 


Fy.) 


T(L,Y;) = w.V gt Ea (3) 


For the La; x-ray line, L; = L3 and Y. = Ms, and Eq. (3) becomes 
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Ty, (L3Ms) 
I(Lai) = WV 2 “Ta(es) (4) 


We have calculated the intensity for a line originating from an L,Y; transition, relative 
to the Lo, line, by dividing Eq. (3) by Eq. (4) and using theoretical data from the 
literature.’°~}3 Some of the data from these calculations and the associated experi- 
mental data are shown in Figs. 1-3. 


i(Ly9 3) 
T(ta,) * 


20 30 40 60 60 70 8090100 20 30 40 50 60 70 8090100 
ATOMIC NUMBER (Z) ATOMIC NUMBER (2) 


FIG. 1.--Plots of intensity of L,-shell lines, (a) 83 and (b) Y2, 33 relative to La: line. 
Points have following origin: O- calculated from data of Scofieid'? and Bambynek!*; © - 
data of Allison®; A - electron probe with no voltage correction; O - electron probe data 
with voltage correction of Myklebust et al.’ Curves are subjective fits to data and were 
used to develop equations in Table l(a). 


20 30 40 50 60 70 8090100 30. 40 50 60 70 8090100 
ATOMIC NUMBER (2) ATOMIC NUMBER (2) 
FIG. 2.--Plots of intensity of L2-shell lines, (a) Bi and (b) yi, relative to La; line. 
Points have same origins as in Fig. 1 except that squares are for EDS data. 
30 


30. 40 50 60 70 80 90100 20 30.40 60 60 70 8080100 
ATOMIC NUMBER (Z} ATOMIC NUMBER (Z) 


FIG. 3.--Plots of intensity of L3-shell lines (a) &® and (b) 2 relative to Lo, line. Points 
have same origins as in Fig. 2 and curves were used to develop equations in Table l(a). 
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For convenience, we shall discuss these results for groups of lines originating 
from a given L-shell vacancy. 


I,-Shell Vacancy: Figure 1 shows I(L83) and I(Ly2,3) relative to I(Lai) plotted 
against log atomic number Z. The curves are our attempts to fit the data and to obtain 
usable functions. Both plots show a peak in the 55 to 75 Z range which corresponds to 
the minimum in the f:3 Coster-Kronig probability indicated by Bambynek.'* The other 
Li-lines have the following relative intensities based upon Scofield's data:}° 
I(By) = 0.6251(83); I(ys) < 1 for Z < 51 and I(y,) = 1 for Z > 50; and I(89) and 
I(Bio) < 1. 

L2-Shell Vacancy: Figure 2 shows data similar to Fig. 1 but for the 81 and yi lines. 
In this case the intensity variations with Z are simpler than those for L,;-lines. For the 
other L,-lines, Scofield's data’® indicate that I(n) =~ 1 and all other lines are less 
than 1. 

L3-Shell Vacancy: Figure 3 shows data for f2 and 2 lines. Here Scofielid's!?® data 
indicate I(a2) = 11.3, I(fs) = 1, and all others are less than 1. 


Although there is scatter in the data, they do show that the L-shell spectrum 
changes considerably with atomic number. The curves have been fitted with functions for 
computer evaluation of spectra (Table 1). These results can be used directly for thin 
foil-STEM analyses where the overvoltage is high and there is essentially no electron- 
beam energy loss in the specimen. For bulk specimens in an SEM, the overvoltage changes 
as the electron beam penetrates into the specimen. This effect causes the L-shell 
vacancy distribution to vary from the values assumed in our calculations and results 
in a reduced intensity for the Li- and Lo- lines. A voltage correction of the type used 
by Myklebust et al.’ may be used for bulk specimens. 


K-Shell Relative Intensities. The theoretical calculations of Scofield® have been 
found by Heinrich ° to be in good agreement with experimental data for I8/Ia. This 
result supports the value of Scofield's calculations for the relative intensities of 
individual K-lines. Figure 4 is a plot of Scofield's data for the intensities of the 
G2 B13, and B2 relative to the a; line. These plots show considerable variability of 
intensity with atomic number. The solid curve segments indicate the type of functions 
that can be used to calculate relative intensities and to which we have the least-square 
fits shown in Table 2. 
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TABLE 1.--Equations for calculating L-shell relative intensities with I(a,) = 100, 
based on curves of Figs. 1-3. 


Line |_2Z Range | Equation 
LB, - 16.5 In Zz + 56 
11.7 in Z - 40 
17.5 in 2 ~ 58 
14.5 
~ 161 in 2 + 709.9 
3.5 
LB, 0.625 1(8,) 
LB 10 0.5 
Ly. 0 
2,3 3.52 In Z - 12.2 
21.6 In Z - 82.6 
6.3 
- 55 ln zZ + 243.3 
2.7 
Ly 0.5 
4 1 
La, 126.6 In Z - 407.4 
53 
Ly 0 
23.2 In 2 - 85 
10 
Lys 6,8, Lv 0 
Ln 1 
La, 11.3 
L8 4 0 
61.75 In Z - 227.8 
24 
LB, 1 
UBs 7,15 0 
Li 36503 - 45570.5 In 2 
+ 22716.2 (1n 2)? - 5650.22 (in 2)? 
+ 701.11 (In z)* - 34.71 (1n 23 
Usiton : 


TABLE 2.--Equations for calculating K-shell relative intensities with I(a,) = 100, 
based on curves of Fig. 4. 


ee ETON: 
12 to 20. | - 25904.2 + 38935.1 In Z ~ 21916.9 (1nz) 
+ 5471.9 (in z)? - 510.76 (in 2)4 


1.86 In 2 + 14.74 
13.15 in 2 - 23.13 


15.68 In Z - 53.85 
6.2 In 2 ~ 19.1 
16.87 In Z - 60.3 
3.41 In Z - 5.98 
11.23 in Z - 39.22 


Ko 10 to 90 49.72 + 0.04127 z + 0.000175 2 


2 3 
+ 0.000009512 z 
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FIG. 4.--Plots of data from Scofield® for K-shell (a) a> and (b) 8 lines relative 
to Ka, line. Curves are least-square fits to open circled points and are given by 
equations in Table 2. 
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2 
Particle Analysis 


CHARACTERIZATION OF STRATOSPHERIC AEROSOLS 
E. J. Mroz 


The stratospheric aerosol layer primarily consists of submicron droplets of concentrated 
sulfuric acid. This aerosol layer interacts with solar and terrestial radiation in ways 
that can affect the climate. Understanding the potential for climatic change requires 

a detailed physical and chemical characterization of the aerosol layer and its consti- 
tuents. This paper describes an instrument which, when used in conjunction with particle 
microanalysis techniques, provides information about the mass concentration and size 
distribution of the aerosol as well as particle morphology and chemistry. Although the 
application described is specific for stratospheric aerosol the technique is applicable 
to any aerosol measurement problem. 


Aerosol Colleetton Techniques 


In general, aerosols are characterized by collection of particles by filtration or 
inertial impaction techniques or by tn sttu optical methods. In the stratosphere the 
particle concentration is so low (generally < 1.0 ug/m*®) that no single technique pro- 
vides an adequate measure of all the physical, chemical, and optical properties of the 
aerosol and its constituent particles. Single-stage inertial impaction on passive 
collection surfaces has provided limited data on the number concentration, size 
distribution, and (in conjunction with microprobe techniques) chemical composition. But 
the accuracy of this technique is limited by (1) a pile up of the particles on the im- 
paction area, (2) uncertainties about how to relate the apparent diameter of the im- 
pacted flattened droplet to its aerodynamic diameter, and (3) uncertainties about the 
density of the particles. Also, the threat of contamination of the sample is an ever- 
present problem. For example, it is now known that the collected droplets of sulfuric 
acid aerosol are rapidly ammoniated (and hence physically modified) by exposure to tro- 
pospheric air. 

Filtration of large volumes of stratospheric air followed by aqueous extraction of 
the filters and chemical analysis of the extracts has shown the aerosol to be predomina- 
tely sulfuric acid. But these techniques do not yield particle size or total mass con- 
centration data. Here, too, contamination of the filters is an ever-present threat. 

Optical techniques have successfully counted particle number concentration as a 
function of size. These methods yield no information on chemical composition; to arrive 
at a mass concentration one must make an assumption about the density of the particles. 

All these methods have been used in concert to arrive at our current picture of the 
stratospheric aerosol. But even for instruments carried on the same aircraft the inlet 
geometry of each instrument is different and the agreement among instruments is not always 
good. 


A Hybrtd Approach 


The quartz crystal microbalance (QCM) cascade impactor measures, in real time, both 
the mass concentration and size distribution of aerosols. This capability results from 
the combined utilization of a ten-stage cascade impactor that separates particles down to 
an aerodynamic diameter of 0.05 um with collection surfaces of piezoelectric quartz 
crystals and a microprocessor-based data acquisition system. The particles collected 
and weighed on the quartz crystals are retained for analysis by single-particle micro- 
analysis techniques. 


The author is at the Los Alamos National Laboratory, Los Alamos, NM 87545. 


167 


Figure 1 schematically 
depicts the operation of PARTICLE 
one stage of a QCM. The STREAM 
aerosol stream is acceler- 


ated through a nozzle by a Hy NOZZLE 
pump and some of the parti- <a | 


cles impinge on the quartz SENSING 


crystal. As particles are CRYSTAL, SIGNAL 


collected on the crystal raat Y OUTPUT 
surface the oscillation m eof 
frequency of the crystal | RS 
decreases. Immediately as - 

behind the sensing crystal REFERENCE .. * he R 

(and shielded from the air CRYSTAL (XY UNMPAGTED SMALLER 

flow by it) is the reference + PARTICLES - 

cyrstal. The output fre- 

quency signals of the two NEXT STAGE 

crystals are mixed such FIG. 1.--Schematic diagram of a single QCM impactor 


that changes in the beat stage. 

frequency are directly 

proportional to the mass loading on the sensing cyrstal. A 1Hz frequency shift corres- 
ponds to a mass loading of 6 ng on the first stage and 0.6 ng on the tenth stage. The 
variation in sensitivity comes about because the response of the crystals to increasing 
mass is a function of the fraction of the area of the crystal surface that is covered 
by the particles. Since stratospheric aerosols consist overwhelmingly of sulfuric acid 
droplets there is little or no problem with particle bounce-off or blow-off. However, 
it is possible to coat the crystal with a thin layer of grease to provide a sticky sub- 
strate and still get a useful signal from the crystals. 

Since the impactor consists of ten stages there are ten frequency signals which are 
handles by a microprocessor that computes the mass collected on each stage. The data 
can then be sent directly to a thermal printer or stored in memory for later playback 
through the printer. A valve on the inlet of the impactor allows the operator to 
select a purge mode that allows dry, particle-free air to pass through the impactor. 


Installation of QCM tn a WB-57F Atreraft 


For measuring stratospheric aerosols we have installed a QCM in a WB-57F high-altitude 
aircraft. This aircraft is dedicated to sampling gases and aerosols that comprise the 
upper troposphere and lower stratosphere as part of the Department of Energy's High 
Aititude Sampling Program (HASP). 

Ram air enters an inlet that extends a meter forward of the nose ef the aircraft. 
The air is decelerated by increasing the cross-sectional area of the inlet in a step- 
wise fashion until the velocity at the exit end of the deceleration tube approximates 
the inlet velocity of the QCM. The aircraft typically cruises at 400 + 20 knots so that 
departures from isokinetic conditions are small. Air flowing through the QCM is mea~ 
sured by a mass flowmeter. Frequency data from each of the ten stages along with data 
from the flowmeter are collected by the microprocessor at a selectable time interval. 
The data stored in memory during the flight and are transmitted to a printer when the 
flight is completed. 


SEM Examination of Crystals 


Figure 2 shows two stages from the cascade impactor with sensing cyrstals, The crys- 
tal is a thin quartz disk about the size of a dime with an electrode plated onto each 
surface. Particles are collected on the electrode, which is made up of successive 
layers of nickel, silver, and chromium. Since this is a conductive surface it usually 
provides adequate electrical contact with the particles to provide suitable imaging. 

But if charging is a problem the sample can be coated with silver. 

The presence of Si, Ni, Ag and Cr x rays can sometimes hinder particle indentifica- 
tion. This problem can be alleviated by counting the particle under constant conditions 
and then displacing the beam from the particle of interest. Attempts to remove particles 
from the surface can be successful if the particles are large enough. 
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Figure 3(a) is a backscatter 
image of the impaction area of a 
crystal exposed to debris from the 
eruption of the Alaid volcano in 
‘May 1981. The dark areas are 
;coalesced droplets of sulfuric 
acid. Figure 3(b) is a secondary- 
electron image of the same region 
t a higher magnification that 
shows the individual droplets. 
Almost no volcanic ash was ob- 
erved in our samples--probably 
ecause most of the ash had al- 
‘ready been depleted from the plume 
‘by the time it crossed the United 


FIG. 2.--Two QCM stages: left stage is shown States, 
with both reference and sensing crystals in 
place, right stage is shown with only sensing Summary 


crystal in place. A circuit board for signal 


processing is integrated into each stage. The "QtM) 15 3. valuable: toot. for 


acquiring particle size, mass, and 
composition of many single-par- 
ticle microanalytical techniques. 
Current efforts include develop- 
ment of techniques to examine the 
collected particles by means of a 


laser microprobe mass analyzer 
(LAMMA) . 


(a) 


FIG. 3.--(a) Backscatter image of 
impaction zone: dark areas are 
coalesced droplets of sulfuric 
acid; (b) secondary-electron 
image of impaction zone at some- 
what higher magnification. 
Individual droplets can be 
discerned among coalesced 

ribbons of sulfuric acid. 


(b) 
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XPS STUDIES OF SIZE-RESOLVED ATMOSPHERIC PARTICLES 
X. B. Cox and R. W. Linton 


Ambient aerosols have been shown to influence acid rainfall, to reduce visibility via 
light scattering, and to affect the long range atmospheric transport of heavy metals 
and adsorbed gaseous pollutants. For a better understanding of the environmental 
sources and sinks of airborne particles, bulk elemental concentrations (ug/g) have 
been examined as a function of particle size and resultant fluctuations have been 
attributed to variable source contributions to aerosol size distributions.’ However, 
bulk analysis results may not reflect the unique chemistry and possible secondary 
origins of aerosol surfaces. Surface layers are significant in part because they 
may contain high concentrations of acidic sulfur and nitrogen compounds that are 
directly available to the environment via leaching by atmospheric moisture, by surface 
waters following dry deposition, or by body fluids following particle inhalation. 
Although Novakov and co-workers have demonstrated the utility of x-ray photoelectron 
spectroscopy (XPS) for surface studies of atmospheric particles,” little research has 
been devoted to the XPS characterization of size-resolved ambient aerosols, which is 
the focus of this investigation. 


Experimental 


Particles were collected in a Battelle-type, circular orifice, five-stage cascade 
impactor that separated particles according to aerodynamic diameter into the following 
size fractions: > 4 ym, 4-2 um, 2-1 um, 1-0.5 um, and 0.5-0.25 um. The collection 
substrate was In foil pressed onto an Al foil backing. Samples were collected at the 
top of a 10-story building on the UNC-CH campus, and at ground level in a residential 
area of Chapel Hill. Collection periods ranged from 18 to 55 hr, so as to yield 
suitable coverages of the substrates. 

The sensitivity of XPS was evaluated from four preliminary samples that consistently 
gave detectable signals for C, N, S, 0, Si, and Cl. For each foil a survey scan was 
taken covering the binding energy range of 1000 eV to 0 eV. A high resolution "window" 
was acquired, with signal averaging, for each element of interest, to be used for quanti- 
tation and speciation studies. Quantitative analysis was performed by use of empirical 
elemental sensitivity factors. All binding energies were charge-referenced by assign- 
ing organic carbon to 284.6 eV. The XPS studies employed a Perkin-Elmer Physical 
Electronics Industries Model 548 AES/XPS spectrometer containing a double-pass 
cylindrical-mirror analyzer operated in a retarding mode. Main chamber pressure during 
analysis was typically 5 x 10 ° Torr. Data acquisition and handling, quantitation, and 
curve-fitting routines were carried out by an Intel 8080-based 64K RAM microcomputer. 


Results and Dtseusston 


The XPS results for size-resolved urban aerosols are summarized in Table 1. Surface 
compositions are remarkably constant as a function of particle size with a relative 
standard deviation (RSD) about the mean for all elements in all size fraction of less 
than 34%. One exception is Cl in the rooftop sample, which has a larger RSD (64%) 
owing to an enhanced Cl concentration in the > 4 um fraction. The above results are 
in marked contrast to conventional measurements involving size-dependent bulk (ug/g) 
concentrations of these elements. 


The authors are at The University of North Carolina, Department of Chemistry, Chapel 
Hill, NC 27514. University Research Council support is acknowledged; X. B. Cox holds 
a University Graduate Fellowship. 
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TABLE 1.--XPS-derived surface atomic percents in urban aerosols according to size 
fraction (sum of detectable elements normalized to 100% atomic). 


Size Fractions (um) 


Element 0.5-0.25 
C 52.9 
N 2.9 
Si 14.5 
S 1.0 
Cl 0.72 
0 27.9 
C 57.6 
N 3.9 
Si 14.3 
S 1.4 
Cl 0.82 
0 21.9 


ROOF TOP SAMPLE 


Coarse particle fractions (> 2 um) generally consist largely of windblown dust and 
soil which show elevated bulk Si concentrations owing to the siliceous nature of many 
natural minerals.* The lack of increased Si surface concentrations in the large frac- 
tions (Table 1) at least partially reflects the surface deposition of species containing 
C, N, or S, which diminish the Si signal from the silicate substrates as the result of 
the small sampling depth (< 100 A) of the XPS experiment. 

The fine particle fractions (< 2 um) are formed primarily from the accretion of 
atmosphere pollutant gases including the acidic oxides of nitrogen and sulfur.’ Hence, 
small particles are normally enriched in bulk nitrogen and sulfur content as the 
consequence of gas-to-particle conversion, nucleation, or coagulation processes in the 
atmosphere. Indeed, Raman spectra of fine aerosols indicate (NH,) SO, as a principal 
species.® Mass loadings of particulate sulfate are confined largely to the submicro- 
meter range, although significant nitrate loadings may extend up to particles as large 
as 3 um.° Carbonaceous particles or graphitic soot of very small crystallite size also 
predominate in the submicrometer fractions and originate from both primary combustion 
sources and secondary gas-to-particle conversions in the atmosphere. 

The lack of surface concentration enrichments of C, S, and N in small particles 
(Table 1) can be attribured to adsorption, condensation, or nucleation processes 
involving vapor-particle surface interactions in fractions of all sizes and to the heter- 
ogeneous agglomeration of smaller particles on larger particle surface. 

It is not known to what extent cascade impaction collection influences the above 
processes as the result of the exposure of impacted particles to an air stream con- 
taning gaseous pollutants and fine particles. However, it is not unreasonable to 
conclude that the surface compositions of particles in coarse fractions may closely 
approximate the bulk compositions of fine particle fractions formed by more homogeneous 
nucleation mechanisms. The surface components of a large particle may thus have 
diverse secondary sources, including sorbed pollutant gases produced by remote combus- 
tion processes. However, the subsurface or substrate composition of such a particle may 
reflect a single primary source, including noncombustion origins such as entrained dust 
or soil. 

It is also of interest to examine changes in surface speciation, particularly 
of C, N, or S, as a function of particle size. Typical photoelectron lineshapes are 
shown in Fig. 1. A problem in lineshape evaluation is the possibility of differential 
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296 276 «76 


FIG. 1.--Typical XPS lineshapes observed for atmospheric particles (ground level 
sample, 4-2ym size range): (a) carbon (is), (b) sulfur (2p), (c) nitrogen (1s), 
including two-component curve fit. 


charging effects from particle to particle which reflect variable conductivity, e.g., 
insulating minerals containing silicon oxides versus highly conducting graphitic soot 
substrates. At best, differential charging is likely to broaden lineshapes and hinder 
the utility of curve-fitting procedures used to identify specific chemical states. 

Carbon 1s lines show minimal variation with particle size. Surface C on larger 
particles is largely adsorbed aliphatic or aromatic organic species that differ little 
in binding energy (B.E.) from C in graphitic soot, which probably predominates in 
smaller particles. Only very minor C contributions from C03; (B.E. = 293 eV) are 
observed in all size fractions. 

_ Sulfur 2p lines indicate that ibs species are major components in all fractions; 
SO, at a charge-corrected B.E. of approximately 169 eV is a predominant form. This 
result is in agreement with prior studies of aerosols by Novakov et al.”?® Low signal- 
to-noise ratios hinder S curve-fitting results. However, there is evidence of 
sorbed SO2 (B.E. ~ 168 eV) in many fractions, and minor amounts of SO3 (B.E. = 166 eV), 
particularly in the largest size fractions (Fig. 2). In general, there is a minor 
but systematic shift to higher binding energy as a function of decreasing particle size, 
which suggests that S is slightly more oxidized in the smaller fractions. 
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Results for curve fitting of the nitrogen 1s lines 
are summarized in Table 2. In agreement with prior XPS 
studies of aerosols, 227 the N photopeak is decomposed 
into an NHy component and a reduced N component (Nx) 
thought to consist of species including amines, amides, 
and nitriles. With the exception of the 1-0. Sum 

(a) fraction, the NHy iN ratios are smaller than unity, 
as observed previously for other aerosols.*?’ Many of 
the size fractions have NH, /total S ratios very close 
to 2 (Table 2) suggesting (NHy,)2SO, as a predominant 
form. Two fractions (4-2 um, 0.5-0.25 um), however, 
have ratios very close to unity, which suggests 
(NHy,)HSO, or a combination of the sulfate, bisulfate, 
sulfuric acid, and sorbed SOo. There is little evi- 

(b) dence of significant NO3 . However, volatile NH,NO3 
is suspected to desorb during ultrahigh vacuum surface 
analysis. All samples were therefore subjected to 
nearly identical treatment during XPS characterization 
to minimize differences in desorption of volatiles for 
different size fractions. Only one fraction (Rooftop: 
4-2 um) had a substantial NO3 component (B.E. = 407 eV) 
in the XPS study. The NO3 did decrease with sample 

(c) residence time in the vacuum in conjunction with a 
decrease in NH, relative to Ny indicating a loss of 

NH,NO3 (Fig. 3). Use of a liquid nitrogen cooled sample 

stage is planned to minimize possible desorption effects. 


Conelustons 


The utility of a single orifice cascade impactor to 
obtain size-resolved aerosols for XPS surface studies has 
(d) been demonstrated. In contrast to typical bulk analysis 
results, XPS data usually indicate only small changes in 
surface elemental composition or speciation as a function 
of particle size. Surface layers on larger particles 
appear similar to the bulk compositions of smaller 
particles generated primarily by atmospheric nucleation 
processes, Particle surface composition may be therefore 
largely independent of the primary sources of particle 


substrates. 
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TABLE 2.~-XPS-derived results for nitrogen in size-resolved urban aerosols (ground level 


sample). 


Ny 
B.E. (eV) 


NH 
B.E.(eV) 


Size 
Fraction (um) 


368 


388 413 
(B.E. = 400 eV) components relative 


413 > 
FIG. 3.--Decrease of NO3 (B.E. ~ 407 eV) and NH, 
to N,(B.E. = 397 eV) with residence time in vacuum: (a) 2 hr in vacuum (4000 counts 


full scale), (b) 5 hr in vacuum (2000 counts full scale). 
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NEW ZAF AND a~FACTOR CORRECTION PROCEDURES FOR THE QUANTITATIVE ANALYSIS OF INDIVIDUAL 
MICROPARTICLES 


J. T. Armstrong 


A modification of the Armstrong-Buseck ZAF correction procedure for individual unpolished 
microparticles has been developed that includes a modified version of the Brown x-ray 
depth distribution function. This new expression provides a better extrapolation of 
relative x-ray intensities produced in small particles to those in thick polished speci- 
mens, and requires substantially less computer time for calculation. Matrices of particle 
a-factors have been generated with the new ZAF expressions. Tests of the new correction 
procedures on analyzed particle standards indicate that the new ZAF and a-factor correc- 
tions are of comparable accuracy, both somewhat better than the previous ZAF approach. 


Particle ZAF Correctton 


Theoretical equations have been developed that correct for absorption, atomic number, 
and fluorescence effects in unpolished microparticles of given size and shape.’ The 
Armstrong-Buseck ZAF corrections enable the accurate quantitative x-ray analysis of 
individual microparticles.*’? They can be employed with either wavelength-dispersive or 
energy-dispersive x-ray analysis in an electron microprobe or SEM, are applicable for a 
wide range of particle sizes, and do not require assumptions regarding the nature of the 
background radiation. 

An important factor in particle ZAF correction procedures is the expression for the 
relative primary x-ray production as function of depth in the sample, $(9z). Armstrong and 
Buseck, in their original correction, employed a modified version of the $(pz) expression 
of Reuter.* This expression, initially derived for the analysis of thin metal films on 
thick substrates, requires considerable computer time to evaluate for thick polished spec- 
imens and, in certain cases, appears to produce small but systematic errors in the extra- 
polation of relative intensities of elements in thin specimens to those in thick specimens. 
More recently, Brown and his co-workers have derived simpler expressions for $(9z) which 
best fit experimentally determined $(pz) curves.°’® Their expressions for $(pz) are of the 
form 


(pz) = Yo exp[-%7(ez)*][1 - q exp(-8pz)] (1) 
where 
qa = [Yo - $(0)]/Yo (2) 
57U9 ap 

10> (ono 1 Saar [2n(Ug) - 5 + 5Up **] (3) 
52 

g = 8-5 x 10°Z (4) 
AEo* (Yo - 1) 


The author is associated with the Division of Geological and Pianetary Sciences, Cali- 
fornia Institute of Technology, Pasadena, CA 91125. He thanks H. F. Shaw for providing 
raw analytical data used in the comparison of correction procedures for thick polished 
specimens, E. M. Stolper for providing the synthetic glass used for the particle analyses, 
and A. L. Albee and A. A. Chodos for heipful discussion. Support form NASA grant NGL 05- 
002-188 is acknowledged. Division Contribution Number 3774(419). 
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and & has been expressed variously as 


0-5 

1-16 = ] 

ae oR 10? Z PB SENS) (5) 
Eo (Eo - Eo ) 
(Brown/XRS) ° and 
0-95 = oe 
: vs 

a=4x 105 Z n(1.166E/J) (6) 


Eo (Eo* - ae) 


(Brown/MAS) .° (See Ref. 5 for the definitions of terms in these equations.) 

I have processed a series of electron microprobe analyses of well-characterized, thick 
polished silicate standards, performed by Shaw and Albee,’ with the two alternate Brown 
expressions for >(Pz) and compared the results with those obtained by conventional Bence- 
Albee’ ’~ and ZAF (NBS-Frame” and Love/Scott’ ) corrections as well as those obtained by 
use of the Reuter $(9z) expression. The results of these data processings are given in 
Table 1. The errors produced by use of the Brown $(9z) expression are similar to those 
produced by the conventional Bence-Albee and ZAF corrections and smaller than those pro- 
duced by use of the Reuter expression. The errors produced by the Brown $(€z) expres- 
Sion are minimized if an alternate expression for ® is used which is intermediate to the 
Brown/XRS and Brown/MAS expressions: 


(7) 


0°5 
a= 2.97x 108 2 tecanestin 


A 
|Ev (Eo* - ES) 


(Brown/JTA in Table 1). The errors produced with this expression are equivalent to those 
using the Bence-Albee corrections and slightly superior to those employing the conventional 
ZAF expressions. Similar results were found in the processing of other silicate data and 
the binary alloy data of Poole.’' The modified Brown $(pz} expression thus has the poten- 
tial of being a superior basis for the particle ZAF corrections. A particle ZAF correction 
program based on the Armstrong-Buseck method but employing this new modified Brown $(0z) 
expression has been written in BASIC and is available (see below). 


Particle a-Facetor Correctton 


It has been demonstrated that particle ZAF correction procedures can be employed to 
generate matrices of particle a-factors,'* to be used in a rapid correction procedure sim- 
ilar to that employed by Bence and Albee for thick polished silicate and oxide specimens.® 
The details, equations, and initial results of the particle a-factor method have been 
published previously.*? 

Programs have been written to generate particle a-factor matrices by means of the Arnm- 
strong-Buseck particle ZAF corrections with the modified Brown $(o9z) expression and store 
the matrices on disk. A series of multielement particle a-factor matrices have been 
generated and stored and are available. Matrices have been generated for an accelerating. 
potential of 15 keV and spectrometer take-off angles of 38.5° and 40°. Mass diameters 
used in the a-factor generation are 0.1, 0.2, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, and 8 mg/cm? 
Geometric models used in the simulations include the rectangular prism, the tetragonal 
prism, the triangular prism, and the square pyramid. (See Armstrong and Buseck! for a 
description of these models.) Several a-factor matrices covering a range of sizes and 
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TABLE 1.--Mean percent relative errors for analyses of minerals and glasses when processed 
by various correction procedures. 


Mean % relative error +2g1 
MgO Al 03 Si09 Ca 


Correction 
Procedure 


Bence-Albee -0.2+2.1 0.2+3.2 -O.1+1.4 -0.141.8 
(CIT-Ultimate/ 
Shaw) 


ZAF-Frame 0.4+2.4 0.443.2 1,141.4 0.3+2.] 


ZAF-Love/Scott -0.2+2.2 -0.443.2 0.4+1.6 0.6+2.3 


Reuter $(oz) -1.9#3.9 -0.343.9 = -1.8#3.5  -1.342.3 
Brown/XRS o(ez) | 0322.2 0.0#3.2 0.941.7 0.342.1 
( 
( 


Brown/MAS o(pz) | -0.542.2 -1.143.6  -0.640.9 -0.3+42.0 


-0.142.2 -0.643.4 0.7+1.2 0.0+2.0 


Brown/JTA o(pz) 


IMean and standard deviations of the percent relative errors 
obtained for the multiple analyses of 23 synthetic and 
natural minerals and glasses. Raw analytical data is taken 
from the work of Shaw and Albee (1979). 
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shapes for an accelerating potential of 15 keV and a take-off angle of 40° are given in 
Table 2. 


Analytteal Results 


To test the accuracy of the new particle ZAF and a-factor corrections, analyses were 
performed on randomly chosen particles of known composition with a range of sizes and 
shapes. A fragment of a standard glass of known composition and homogeneity (Table 3) 
was crushed in a boron-carbide mortar and pestle, dispersed in liquid freon by ultra- 
sonication, and pipetted onto a vitreous graphite planchette. The dispersed particles on 
the planchette were then carbon-coated and 30 randomly chosen particles were analyzed with 
an automated MAC-5-SA3 electron microprobe. Conventional thick polished specimens of 
simple oxides and silicates were used as standards. Particle sizes and shapes were 
estimated by optical microscopy. (Much better estimates of particle size and shape can 
be made by SEM examination; but to make the test more severe,fo SEM examination was 
employed before data processing.) 

The particle analysis data were processed by (a) conventional ZAF thick polished 
specimen correction procedures with normalization, (b) the Armstrong-Buseck ZAF method with 
the Reuter $(9z) expression, (c) the Armstrong-Buseck ZAF method with the modified Brown 
p(oz) expression, and (d) the particle a-factor method with the factors calculated by the 
Armstrong-Buseck/Brown ZAF expression. The results are given in Table 3. As can be seen, 
the Armstrong-Buseck/Brown ZAF correction and the particle a-factor correction give the 
best results, having considerably smaller systematic (mean) errors and a somewhat smaller 
scatter of errors (0). No significant difference between these two expressions is observed, 
which thus demonstrates the validity of the a-factor approach for particles. The results 
using the Armstrong-Buseck/Reuter ZAF correction are considerably better than those using 
the conventional thick polished specimen corrections, but not quite as good as those with 
the Brown $(pz). [Closer examination of the data showed thatwhereas both the Brown and 
Reuter $(Pz) expressions give the same estimates of the relative absorption and X-ray pro- 
duction in the particles, the Reuter $(9z) gives a somewhat poorer estimate of the amount 
of absorption in the simple oxide thick polished standards.}] Thus the Brown $(pz} modifi- 
cation of the Armstrong-Buseck ZAF method appears to provide a correction procedure of 
improved accuracy. 


Discusston 


Computer programs have been written in BASIC for use on HP9845 series minicomputers 
which incorporate all the corrections discussed in this paper and are available from the 
author upon request. (It is anticipated that these programs and a-factor matrices will be 
available soon in a format compatible for use in DEC computers.) Each of the programs re- 
quires less than 64 Kbytes of memory for execution, and most require less than 48 Kbytes. 

A typical analysis (6 elements and 4 iterations until convergence) employing the Armstrong- 
Buseck ZAF correction with the modified Brown $(09z) expression requires about 120 s for 
processing, less than half the time required with the Reuter $(pz) expression. The same 
analysis based on the @-factor correction procedure takes less than 1 s for data proces- 
sing. (Approximately 30 s is required initially to calculate an a-factor; or 72 hr of 
minicomputer time to generate a-factor matrices for a 12 x 12 element array with 5 particle 
geometric models at each of 12 particle diameters. These a-factor matrices, however, need 
to be generated and stored only once for a given accelerating potential and take-off angle.) 

With the ability to perform rapid, on-line analyses employing particle a-factor correc- 
tion procedures, there is no longer any excuse not to attempt to account for the effects 
of particle size and shape on emitted x-ray intensities in the microanalysis of individual 
particles. 
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TABLE 3.--Results of analyses of particles of a standard glass fassaite composition when 
processed by various correction procedures. 


A. TPS-ZAF (normalized)!»2.3 B. PTC-ZAF [Reuter $(pz)] 


EL.Wt.%t20 %20 220, At EL.WteZt2o0 20 420m A% 


Mg 6.3640./7 12.1 2-2 -2.8 Mg 6.2740.70 11.1 2.1 -4.2 
Al 10.48+0.92 8.8 1.6 -1.5 Al 10.5840.89 8.4 1.6 +0.6 
Si 18.29+1.44 7.9 1.5 -2.8 Si 18.88+1.30 6.9 1.3 +0.3 
Ca 17<9122.15. 12.0 2e2 +5./7 Ca 1/7.1641.66 9.7 1.8 +1.2 
Ti 3.2740.48 14.7 2.7 +7.7 Ti 3.134+0.39 12.6 Ze +2.9 
0 43.69 O 44.15 

C. PTC-ZAF [Brown 9(pz)] D. PTC-a-Factor [Brown $(oz)] 

EL.Wt.%t20 420 2am, A% EL.Wt.2t20 420 %2om A% 


arn ahi gp —terescierectirweni 


Mg 6.4940.71 11.0 2.0 -0.8 Mg 6.5040.70 10.7 2.0 -0.6 
Al 10.7440.87 8.1 1.5 +0.9 Al 10.7240.86 8.0 1.5 +0.8 
Si 18./841.15 6.1 1.1 -0.2 Si 18.7941.22 6.5 1.2 ~-0.2 
Ca 16.9241.25 7.4 1.4 ~-0.2 Ca 16.9241.32 7.8 1.4 -0.2 
Ti 3.0740.33 10.8 2.0 +1.0 Ti 3.0740.34 11.0 2.0 +1.0 
Q 44.00 QO 44.00 


1Actual composition: Mg = 6.54, Al = 10.64, Si = 18.82, Ca = 16.95, Ti = 3.04. 

2A = conventional thick polished specimen ZAF correction with normalization; B = particle 
ZAF correction, Reuter $(pz) expression; C = particle ZAF correction, modified Brown (pz) 
SAD ress 100s D= particle a-factor correction based on particle ZAF/Brown calculations. 

Oeste standard deviation of the mean, 4% = 100 x (mean-actual) /actual. 
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MEASUREMENT OF THE THICKNESS OF AMPHIBOLE ASBESTOS FIBERS WITH THE SCANNING ELECTRON 
MICROSCOPE AND TRANSMISSION ELECTRON MICROSCOPE 


A. G. Wylie, K. B. Shedd, and M. E. Taylor 


Knowledge of the cross-sectional shape of mineral fibers is important for their accurate di- 
mensional characterization. Two techniques for the measurement of width and thickness of 
fibers are described and compared: one for the scanning electron microscope (SEM), and one 
for the transmission electron microscope (TEM). The frequency distributions of log thick- 
ness and log width determined by these techniques are considerably more accurate when the 
TEM is used. However, the use of either technique results in essentially the identical 
quantitative descriptions of the relationship between thickness and width for amosite and 
crocidolite. A general relationship between thickness and width for amphibole asbestos 

is log thickness = 0.692 log width - 0.493; a rectangle is a reasonable approximation of 
its cross-sectional shape. 

The Particulate Mineralogy Unit of the Bureau of Mines, Department of the Interior, 
concerned with the accurate characterization of minerals. Recent studies include the 
characterization of mineral fiber populations for health-related studies and mineral par- 
ticles found in both the occupational and nonoccupational environment. The dose of mineral 
fibers for biological experimentation and the human exposure to mineral fibers from air 
or water are usually expressed in some unit of mass such as fibers pers microgram,! ? or 
nanograms per cubic meter." © In order to establish these values of concentration, either 
the thickness of the mineral fibers must be derived or measured, or some reasonable model 
for the cross-sectional shape of the fiber must be assumed so that volume can be calculated 
from the measurements of length and width alone. The purposes of this study were (1) to 
compare and evaluate two methods of measuring the thickness of mineral fibers by electron 
microscopy, and (2) to propose a reasonable model for the cross-sectional shape of amphibole 
asbestos. 


Sample Preparation 


Two samples of asbestos, one of amosite and the other of crocidolite, were examined. 
Both have been extensively characterized.’ ® Microgram quantities of each sample were 
briefly sonicated in filtered distilled water. Drops of the suspensions were placed 
on highly polished brass SEM stubs and on 200-mesh Formvar and carbon-coated copper TEM 
grids. Over 99% of the fibers settle out of suspension with their smallest dimension 
normal to the surface of the substrate. A drop of filtered distilled water containing tiny 
glass spheres was added to the brass stubs; grids containing only glass spheres were also 
prepared. The brass stubs were coated with AuPd to a maximum thickness of approximately 
200 A. The TEM grids were placed in rows on a glass slide about 7 cm from a source of 
AuPd and at an angle to it of about 30° from the horizontal. They were then coated to a 
maximum thickness of 175A. 


Author Wylie was with the Department of the Interior, Bureau of Mines, Avondale Re- 
search Center, Avondale, MD 20782, while on leave from the Department of Geology, Univer- 
sity of Maryland, College Park, MD 20742; author Shedd is with the Department of the 
Interior, Bureau of Mines, Avondale Research Center, Avondale, MD 20782; author Taylor is 
with the Institute for Physical Sciences and Technology, University of Maryland, College 
Park, MD 20742. We acknowledge the assistance of John Shekarchi, Bureau of Mines, who 
wrote the computer programs; Eric Steel, National Bureau of Standards, for the glass 
spheres; Roberta Virta, Bureau of Mines, for his help with the computer, photography, and 
the TEM; W. J. Campbell, Bureau of Mines, who supported and encouraged this work; and 
Rolland Blake and Wayne Marchant, Bureau of Mines, for their critical reviews of the 
manuscript. 
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Experimental Teehntque 


Scanning Electron Microscope. All SEM measurements were made on an ISI Mcdel 60 oper- 
ated in a backscatter mode with a Taylor Engineering Combination Electron Detector. (Refer- 
ence to specific trade names or equipment does not imply Bureau of Mines endorsement.) 

The technique used to measure thickness was first suggested to us by Daniel Baxter, 
Science Applications Laboratory, La Jolla, Calif. The detector is employed in a 

low angle position in the plane of sample tilt (Fig. 1). The working distance is set at 
14 mm,and the sample is tilted through angle > (in this study $ = 45°). The instrument 
is operated at 20 kV and maximum spot size. In this configuration, "shadows" are formed 
along the edges of particles because the particles prevent the directional backscattered 
electrons from reaching the detector (Fig. 2). 

According to the geometric arrangement shown in Fig. 1, the length Sm of the sha- 
dow as measured on the cathode ray tube (CRT) is related to the thickness of the par- 
ticle by 


Sm sin 8 
Be ete 8) (1) 


where 6 is established from the measurement of the radius r and shadow length S, of the 
small glass spheres (Fig. 3) by the relationship 


GQ _ r cos ¢ 
tan > = S +r - sin 6) (2) 


In this study 8 = 15°. The shadow must always be measured in the plane perpendicular to 
the axis of tilt. This plane contains the beam and the axis of the detector. On the 

ISI 60, the trace of the plane on the CRT is vertical. The direction of the trace of 
this plane on other instruments can be established from the direction of shadow elonga- 
tion of the glass spheres. As long as the fibers are aligned parallel to this direction 
on the CRT, the measured width W, is a direct measurement of true width W. However, if 
the fibers are horizontal, W, is related to W by 


W 


_ ™m 
US ee (3) 


If the particle makes an angle y with the vertical, then the relationship becomes 


W=W Veos*y + (sin*y/cos7) (4) 


Equation (4) is derived from the equation for an ellipse, where the long axis is the true 
width W, the short axis is the measured width with maximum foreshortening (W cos $6), and 
y is the angle a radius makes with the long axis of the ellipse. This elliptical rela- 
tionship is discussed by Boyde. ® 

All measurements were made at 10 000x. It was found that at higher magnification, it 
became increasingly difficult to determine the shadow boundaries, and no increase in pre- 
cision was gained by an increase in magnification. Consequently, there is a lower limit 
on width and shadow length measurements of 0.10 um,and the smallest thickness that could 
be calculated is approximately 0.05 um. In fact, there did not appear to be any shadows 
at all from most fibers less than 0.15 um wide. 

The widths and thicknesses were calculated from Wy, Y, 9,and S, for 160 amosite fibers 
and 128 crocidolite fibers. The data were collected by measurments on ail nontouching 
fibers in randomly selected fields of view. 


182 


CRT se ae 


oe 
° 
J 


Gur tee 


Na BS: 


" Detector : > 


FIG. 1.--Sample, detector and beam positions 
for SEM technique. S, is shadow length mea- 
sured on cathode ray tube (CRT), Wy is mea- FIG. 2.--Shadows formed on crocidolite 
sured width, angle of sample tilt ¢ = 45°, fibers on SEM. 

W is true width, h is thickness, and @ is 

angle between axis of detector and surface 

of specimen stub. 


CRT 


FIG. 3.--Geometric relation- 
ships for the calculation of 86: 
r = radius of sphere, > = angle 
of sample tilt (in this study 
d = 45°); 6 = angle between 
the detector axis and the sur- 
face of the specimen stub (in 
this study, 6 = 15°); S, = 
projection of the shadow S 

on the cathode ray tube 

(CRT). 


Transmisston Electron Microscope. The technique we used to measure thickness on the 
TEM is well established.’° The low-angle coating of the grids by AuPd produces a clearly 
visible "shadow" whose length Si is related to the thickness of the particles t and the 
coating angle a by the relationship 


t = Sl tan a ; (5) 


In this case the "shadow" is formed because the particles block the AuPd during the coat- 
ing process. The value of @ is established from the radii r and from the shadow lengths 
measured from the center of the glass spheres S1 by the relationship 


Ol 5 
tan eae (6) 


Sl must be measured in the direction of the AuPd 
source. This direction is easily established from 
the shadow pattern at the end of the fibers (Fig. 
4). 

The width and shadow lengths of 143 crocido- 
lite fibers and 150 amosite fibers were measured 
and thicknesses calculated. All measurements 
were made at 37 000x directly from the CRT on a 
Hitachi Model H600 scanning transmission electron 
microscope. 


Results 


A statistical description of the populations 
of width and thickness is given in Table 1. Fre- 


FIG. 4.--Amosite fiber and quency distributions of log width and log thick- 
shadow formed by absence of ness are plotted in Fig. 5. A least-squares linear 
AuPd coating. regression analysis of the form log thickness 


(um) = F log width (um) + b was conducted. The 
regression coefficients F and b, the standard error of the estimate, and the correlation 
coefficient r are also given in Table 1. Figure 6 is a plot of these least-squares 
linear regressions. 


Discusston 


From Table 1 and Fig. 5, it is evident that larger particles were measured by means 
of the SEM technique. Not only are the mean widths and thicknesses greater, but the fre- 
quency distributions are skewed, which reflects the omission of smaller particles in 
the measurements. This bias is a result of the inherently lower resolution of the 
SEM compared to the TEM and to the specific operating conditions of the SEM for this 
technique. Spot size, backscatter mode, working distance, operating voltage, and collec- 
tion efficiency of the detector affect the resolution. These parameters were optimized 
for shadow visibility rather than resolution. Also, fibers less than about 0.15 um 
wide were not measured on the SEM because shadows were not visible on these thin 
fibers. 

Figure 6 and Table 1 present the results of the least-squares linear regression 
analyses. There is a remarkable similarity in the regression coefficients from the four 
analyses. Wylie and Schweitzer!! discuss the variability of the values of F and b rela- 
ting log width to log lenght for the mineral wollastonite. They conclude that values of 
F derived from populations of 250 particles whose ranges and standard errors are com- 
parable to our data are statistically indistinguishable if they differ by no more than 
0.22. Considering that the sample sizes of our populations are much smaller than 250 and 
that the maximum difference in F is 0.18, there are probably no significant differences 
among the four analyses. This result implies that for all practical purposes, either tech- 
nique can be used to obtain the regression relationship relating thickness to width--even 
though the regression equations are derived from different segments of the fiber popula- 
tions. Therefore, all data can be combined to give a general regression relationship for 
amphibole fibers of the form 


log thickness = 0.692 log width - 0.493 (7) 


Although both techniques used in this study resulted in the same regression relation- 
ship between thickness and width, there are strong arguments to be made in favor of the 
TEM technique for the characterization of asbestos. First, the range of widths measured 
was greater when this technique was used. In general, the larger the range in the measure- 
ments, the more "well fixed" the regression line.’! Second, the regression analysis is 
based on the assumption of normal distributions of log width and log thickness. The 
skewness of the distributions derived from the SEM technique could affect the usefulness 
of the regression coefficients as descriptive parameters. Third, the measurements of 
width and thickness on the TEM are more precise and are more likely to reflect the true 


184 


FREQUENCY, pct 


-2.0 -1.5 -1.0 -0.5 0 0.5 


FREQUENCY, pct 


-2.0 -1.5-1.0 -0.5 0 0.5 


LOG WIDTH, um 


FIG. 5.--Frequencies of log width and log thickness obtained by SEM and TEM techniques. 
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FIG. 6.--Plot of linear 
least-squares regression 
relationships between log 
thickness and log width. 
Mean log width for each is 
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drawn to represent +2 
standard deviations of 
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extend relationships 
through complete range 

of measured log widths. 
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distributions in the population. 

Neither of these techniques gives an exact picture of the cross-sectional shape of the 
fibers. From structural considerations, it is unlikely that they are bounded by curved 
surfaces. The shape of the shadow formed by the amosite fiber shown in Fig. 4 sug- 
gests that the fiber is rectangular. Shadows similar to this one were observed on 
many fibers of both amosite and crocidolite. The most common prismatic forms that de- 
velop on monoclinic amphiboles are {100}, {010}, and {110}. Electron diffraction indicates 
that the {100} surface frequently occurs perpendicular to the electron beam.?* If only 
{100} and {010} bound the fibers, their cross-sectional shape would be rectangular. If 
other faces such as {100} are also present, the shape would be somewhat different. Al- 
though our data do not provide a conclusive picture of cross-sectional shape, they support 
the rectangular model as a reasonable approximation. 

Within the range of all widths measured, the width to thickness ratio w/t predicted 
from Eq. (7) varies from approximately 1.0 particles with widths of 0.03 um to 3.7 for 
particles width of 1.7 um. If a rectangular cross section is assumed, calculated fiber 
volumes are smaller than when circular cross sections are assumed. Therefore, the use of 
a cylindrical model for fiber geometry’ * results in an underestimation in any calculation 
of the numbers of fibers that occur in a microgram of amphibole asbestos. Similarly, 
calculations of the concentration of asbestos in air or water expressed in units of 
nanograms per cubic meter® © overestimate amphibole asbestos if they are based on a 
cylindrical model. 
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VIBRATIONAL MICROSPECTROSCOPY OF INTERPLANETARY DUST IN THE LABORATORY 
P, Fraundorf, R. I. Patel, P. Swan, R. M. Walker, F. Adar, and J. J. Freeman 


Thanks to the remarkable ability of the earth's upper atmosphere to decelerate micrometeor- 
ites "gently'' in the 2-50um size range, stratospheric collectors on NASA aircraft are cap- 
able of obtaining relatively pristine samples of solar system dust.!>% In particular, the 
extraterrestrial origin of stratospheric aggregate particles with compositions similar to 
those of "chondritic' meteorites has been confirmed by trace element? and noble gas iso- 
topic’ studies. Although similar to meteorites in composition, collected micrometeorites 
often appear to differ drastically from known meteoritic materials in texture and mineral- 
ogy.> Because of the probable cometary, and perhaps primitive, origins for at least some 
fraction of the particles, they have become the subject of intense study in spite of their 
rarity and small size. In fact, a cosmic dust curation program at Johnson Space Center has 
recently been established to make individual particles available to the general scientific 
community © 

Although collected particles are proving to be challenging subjects for many microbeam 
analysis techniques, only optical spectroscopic methods allow direct comparison of collected 
particles with dust in astrophysical settings (e.g., in comets, in circumstellar nebulae, 
etc.). In addition, vibrational spectroscopy can provide important clues to the molecular 
makeup of the poorly crystallized and low-Z materials which frequently constitute the bulk 
of individual particles. We describe here infrared transmission spectra and micro-Raman 
results obtained from individual nanogram-sized specimens. Because of the uniqueness of 
individual particles, we have integrated these spectroscopic techniques into a handling 
sequence which also allows weighing, volume estimation, analytical electron microscopy 
(AEM), and annealing studies of the same specimen.’ »® These corollary techniques are not 
discussed in detail here. 


Specetmen Preparatton 


Particles are transferred from stratospheric impaction collectors to a Nuclepore mount 
where they are individually examined optically and with a scanning electron microscope/ 
energy-dispersive x-ray (SEM/EDX) system. The particle of interest is then transferred to 
a clean quartz plate, where it is dispersed to micron or submicron thicknesses over a 70um 
area with a second quartz plate and the aid of a crushing jig (Fig. 1). The jig allows 
fine xyz control of the top crushing plate so that aggregate particles can be gradually 
"coaxed" into a dispersed configuration even if the initial tendency is simply to flatten. 
For particles larger than 15 um, one can often repeat this process with additional quartz 
plates to create numerous aliquots of dispersed material from the same particle. 

The dispersed specimens are then embedded into a freshly cleaved flat of KBr (typically 
around 2 x 2 x 0.2 mm) by gentle pressing. It is an empirical fact that the KBr usually 
removes dispersed material from the quartz very efficiently. The KBr is transparent in 
the visible and IR, which facilitates transmission spectroscopy in those spectral regions, 
and by virtue of its intimate contact with the particle also acts as a moderately good 
heat sink to minimize heating of opaque specimens during micro-Raman analysis. Moreover, 
because of its solubility in water, a film evaporated onto the dispersed specimen can 
easily be floated off of the KBr with specimen intact. This procedure allows subsequent 
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NSA grant NGL 26-008-065. 
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FIG. 1.--Particle crushing jig with vacuum chuck 
to hold bottom crushing plate. Fine control of 
top crusing plate is facilitated by threaded 
vertical adjustment, and damping of lateral mo- 
tion with a viscous oil. Particle can be ob- 
served in transmitted and reflected light 
throughout process. 
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FIG, 2.--Infrared transmission spectra of sev- 
eral compositionally similar micrometeorites. 
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remounting of the specimen onto trans- 
mission electron microscope (TEM) grids 
for AEM, annealing studies, and possibly 
further spectroscopic studies. One cau- 
tion: dessicator storage is necessary to 
prevent aqueous degradation of the mount 
during long term storage of specimens on 
KBr. 


IR Transmisston Spectroscopy 


Infrared (IR) transmission spectra 
between 6000 and 400 wavenumbers were ob- 
tained by use of a Nicolet 7199 Fourier 
Transform spectrometer equipped with a 
globar source, a KBr beam splitter, a 
mercury-cadmium-telluride detector, and 
a dry nitrogen purge. Samples were cen- 
tered in a 70um aperture and illuminated 
using a 4x beam condenser with reflecting 
optics. Spectra taken with 4-wavenumber 
resolution were obtained by spectral av- 
eraging of around 100 blocks of 1000 
scans each, followed by ratioing to a 
comparable background spectrum. Data 
accumulation times for spectra were on 
the order of 10 hr each. 

Figure 2 illustrates the range of IR 
spectral types identified so far. The 
major features near 1000 and 500 wave- 
numbers are due to SiO, vibrational modes. 
Even though the particles had typical 
morphologies and compositions, the IR 
spectra indicate significant differences 
in bulk silicate mineralogy. The top 
spectrum looks like that of a pyroxene, 
and is similar to an IR spectrum reported 
previously for a mount of three inter- 
planetary dust particles.? The second 
appears to be dominated by olivine. The 
third suggests the presence of hydrated 
silicates,? and the last shows broad, 
structureless 10 and 20um features!® 
that may indicate the presence of amor- 
phous silicate and are suggestive of fea- 
tures observed in cometary emission. ?!1 
There is a caution here: The IR absorp- 
tion bands exhibited by these specimens 
may show some flattening and loss of 
structure as a result of saturation ef- 
fects if the particle was not sufficient- 
ly well dispersed. Nevertheless, the re- 
sults show infrared spectroscopy to be 
useful for bulk characterization of in- 
dividual particles, and promise to shed 
light on the relationship between col- 
lected particles and observed comet dust. 


Micro-Raman Spectroscopy 


Figure 3 shows Raman spectra from several 5-10um 
regions on a KBr mount which contained fragments 
from three micrometeorites.!* The spectra were ob- 


tained with a Ramanor U-100 laser Raman microprobe. \* cain 
oo ue raphite 


An IR spectrum of the specimen mount suggested the 
presence of pyroxenes,? an identification that was 
corroborated by the Raman spectrum from region 2 

which indicates an orthorhombic Mg-rich pyroxene. !3 Biter 
Region 2 was one of several optically transparent \ 
portions of the mount, all of which were subsequent- 
ly shown by EDX analysis to have compositions con- 
sistent with the IR/Raman spectral identifications. 
Regions 1 and 4 were by contrast optically opaque. 
The Raman spectrum of the first suggests the 
presence of iron oxide, probably hematite or per- ; eee ee 
haps maghemite. Subsequent. EDX analysis confirms Wl 
the iron-rich nature of this region. Moreover, 
meteorite fusion crusts commonly contain diamond 
face-centered iron oxides (magnetite or maghemite) , 
and preliminary electron diffraction data from 
Region 1 supports the presence of such oxides. Fi- 

nally, the region 4 spectrum suggests the presence . 600 | 

of disordered graphite, a phase of considerable FIG. 3 ee ere £ 
interest in the study of meteorites. Thus micro- different akcans ee ad 
Raman spectroscopy promises to be a powerful tool, ££ + = th eae. Seen 
especially in combination with IR and AEM studies, PEsr er one et ea ee ee 
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LASER MICROPROBE MASS ANALYSIS OF COAL AND OIL FLY ASH PARTICLES 
Eric Denoyer, Thad Mauney, David F. S. Natusch, and Fred Adams 


Assessment of the potential environmental and toxicological effects of particulae matter 
emitted to the atmosphere, together with design of emission control strategies, requires 
detailed physical and chemical characterization of the particles. Information on an 
individual particle basis can be obtained with a number of microanalytical techniques, 

in an effort to gain insight into the distribution of various chemical entities on 
specific particle types present within a heterogeneous population. '»? 

We have investigated the utility of laser microprobe mass analysis (LAMMA) for 
studying environmental particles, and have applied the technique to fly ash derived from 
coal and oil-fired power plants. These ashes have previously been extensively character- 
ized and a large body of information is available against which to judge the extent to 
which either existing or new physical and chemical information is provided by LAMMA. 


Experimental 


Coal fly ash was collected in bulk from electrostatic precipitation in the stack of 
the Corette Power Plant in Billings, Montana, USA. Oil fly ash was obtained from the 
French Petroleum Institute. 

Laser microprobe mass analysis was performed using a LAMMA-500 instrument (Leybold- 
Heraeus, Koln, Germany). All particles were mounted on conventional electron microscopy 
grids (200 mesh) coated with a Formvar film (thickness 0.1 um) by touching the coated 
grid to the buik particle sample. Analysis was carried out at using the 32x objective. 


Results and Discusston 


Otl Fly Ash. Ail the oil fly ash particles were jet black and exhibited morpholo- 
gies which varied from that of near rounded spheres to lacey or spongey lumps, which indi- 
cates a long exposure history to heat and oxidants.° 

Typical positive and negative ion spectra of the oil fly ash are given in Fig. 1. 

The elements detected by LAMMA include C, 0, S, Na, Mg, Al, K, Ca, V, Fe, Ni, Zn, Sr, 

Mo, and Ba. All the elements detected by LAMMA, except Sr, Ba, and Mo, which were 
detected by x-ray fluorescence (XRF); and Pb was only detected by XRF (at trace levels) 
and not by LAMMA. Mo, Ba, and Sr exhibited strong signals in some particles and were 
undetectable in others, which reflects their heterogeneous distribution among the indivi- 
dual fly ash particles. However, this effect may results in a low total bulk concentra- 
tion, which might explain their lack of detection by XRF. Why one cannot detect Pb by 
LAMMA, however, is not clear at this point. 

The carbonaceous nature of the particles is suggested in both the positive and 
negative ion spectra by the presence of the homologous series of C_.H*/- cluster ions, 
which are predominant LAMMA spectral features of carbonaceous materials such as graphite 
and carbon blacks. Although V (and Ni) are thought to be present in crude petroleum as 
metal porphyrins,* the LAMMA spectra (Fig. 1) indicate the presence of oxides of V in the 
fly ash combustion product, by the series of v_0f/- cluster ions. These clusters are 
observed in the LAMMA spectra of pure vanadium oxides (V203, V20s5). Finally, the 
presence of oxides of sulfur are suggested by the characteristic S07 cluster ions 
observed in LAMMA spectra of both sulfates and sulfites. However, no chemical-state 
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FIG. 1.--Typical positive and negative LAMMA spectra of individual 0il fly ash particles 
(A) positive ion spectra; (B) negative ion spectra. (V = peaks associated with oxides 
of vanadium; ¥ = peaks associated with oxides of sulfur.) 


information could be extracted about the sulfur and vanadium oxides from the LAMMA 
spectra. 


Coal Fly Ash. All morphological forms previously reported for coal fly ash® could be 
observed and identified microscopically (400x and 1250x). For the purpose of this 
investigation, however, only three morphological classifications were employed: clear 
or glassy white particles whose morphology varied from regular spheres to rounded lumps, 
dark black (often glassy spheres), and irregularly shaped jet black particles. 

Typical spectra of the three classes are presented in Figs. 2 and 3, and the 
elements detected are given in Table. 1. The positive ion spectra of the clear glassy 
and black spherical particles are very similar; however, a higher iron signal was 
observed in a large number of the black spheres. In a statistical analysis of the 
Fe/Ca ration for about 50 particles of these two types, a discontinuity in the frequency 
distributions of the measured Fe/Ca ratios for the black spherical particles is observed 
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POSITIVE ION SPECTRA 


TABLE 1.--Elements detected in coal 
fly ash with LAMMA,. 


TABLE 1.--Elements detected in 
coal fly ash with LAMMA. 


NEGATIVE ION SPECTRA 


Spherical Irregular 
(clear and black) (jet black) 


Positive Ion Spectra: 


Na Mn Na K 

Mg Fe Mg Ca 

Al Co Al Fe 

Si Rb Si Sx 
13 4 60 72,76 [88 a re 
nS 5 K Cs 
Ti Ba 


Negative Ion Spectra: 


FIG. 2.--Positive and negative ion spectra of 
(A) individual clear glassy and (B) black cl cl 
spherical coal fly ash particles. 


at a value of 1.4, which divides the sampled population into two distinct subclasses. 
Thus, 76% of the black spherical particles analyzed have a composition for which the Fe/ 
Ca ratio is >1.4; and 24% <1.4. The black spherical particles for which the ratio 
Fe/Ca is <1.4 are statistically indistinguishable from the clear glassy particles on 
this basis. 

These findings are, in fact, unique to LAMMA and illustrate that the technique can 
be used to indicate quite small compositional differences in an ensemble of particles. 
The reasons for the distinct compositional differences among the black spherical 
particles are not clear. One possible explanation, which derives some support from 
x-ray diffraction studies of coal fly ask,® is that the low-iron subfraction of the black 
spherical particles contains nonmagnetic Fe203, whereas the high-iron subfraction contain 
ferromagnetic Fe30,. That would account for the similarity in Fe/Ca ratios between 
clear glassy spheres and the low-iron subfraction of the black spherical particles, since 
clear particles have been shown to contain a nonmagnetic form of Fe 203. ° 

Consistent with the above discussion, the spectra of the black spherical particles 
suggest that the iron is present in an oxide form (peaks at m/e = 72, 112, 128, 144 in 
positive spectra; peaks at m/e = 72, 88, 104, 160, 176 in negative spectra; see Fig. 2). 
The aluminosilicate nature of both the clear glassy black spherical particles is indicated 


by the negative spectra where Al,Si,07 cluster ions, characteristic of a wide variety of 
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aluminosilicate materials, are observed at m/e = 179, 137, 119, 103, 76, 60, 59, 43. Fi- 
nally, peaks associated with sulfur oxides, m/e = 32, 48, 64, 80, 96, 97, can be observed 
in the negative spectra. 

The negative LAMMA spectra of irregular black particles (Fig. 3a) indicate that these 
particles are carbonaceous, since the predominant feature is the characteristic series 
of C,H,” cluster ions. The positive ion spectra (Fig. 3b), however, are not suggestive 
of a carbon derived from a reducing environment (e.g., C black); rather, the fragmenta- 
tion pattern resembles that of an activated carbon (peaks at m/3 = 53, 65, 77, 89, 101, 
113) . This is consistent with the highly absorbing nature of this fraction of coal fly 
ash. 


Organte Constituents. Figure 3(c) shows the LAMMA spectrum of a black irregular par- 
ticle at low laser irradiance (0.18 uJ). conditions, below the ion appearance threshold 
of the CH cluster ions. Under these low energy conditions, peaks at mass 178 and 
above become predominant, and correspond to polynuclear aromatic hydrocarboms (PAH) which 
are known to be present in coal fly ash.’ The masses observed are listed in Table a. 
along with tentative assignments. Again, due to inhomogeneous distribution among individ- 
ual particles, not all compounds are observed on each particle, but peaks at mass 178, 
192, 202, 206, and 220 appear most frequently (see example in Fig. 3b). 

Besides the correla- 


TABLE 2.--Peaks typically appearing at low laser irradiance tions of peak masses with 
in LAMMA spectra of individual jet black irregularly shaped PAH compounds known to be 
coal fly ash particles (e.g., see Fig. 3). present in this fly ash 
sample, further support for 
m/e Possible Assignment the identification of these 


peaks as PAHs comes from 


Studying model systems. 
178* Phenanthrene, Anthracene Although it is known that 


parent molecular ions of 


192 Methylphenanthrene, Methyl anthracene pure PAH compounds can be 
2 =, . obtained via laser ioniza- 
202 Fluorantnenes -Eyrene tion, and are favored at 
206* Dimethylphenanthrene, Dimethylanthracene Tower laser powers, we 
have established that PAH 
216* Benzofluorene, Methylpyrene compounds can also be de- 
tected when adsorbed onto a 
' matrix. For example, phenan- 
i thy lanthracene : , 
220 Trimethylphenanthrene, Trimethylan threne, 9,10-diphenylan- 
thracene, and coronene were 
= -Anthracene, Napthacene ? 
228 ee iad ea ‘ adsorbed onto coal fly ash, 


alumina, and activated car- 
bon, respectively (the first 
by vapor adsorption, the 
other two by solution 
doping). All showed the 
same dependence of parent molecular ion intensity with laser power and exhibited a maximum 
intensity at approximately 0.15 uJ. The molecular ions observed were almost exclusively 
the parent ions of the PAH; however, cationization by Al* was observed for 9,10-dipheny- 
lanthracene on Al203 at m/e = 357, (P + 27)*, in one case out of approximately fifty. 
Further investigation is needed to determine the specific conditions conducive to cationi- 
zation of PAHs from different surfaces. 


* Known to be present in coal fly ash; see (9) 


Coneluston 


In conclusion, it can be stated that LAMMA consitutes a fast and effective tool for 
conducting qualitative characterization of coal and oil fly ash particulate material. 
Both elemental as well as molecular information can be extracted, and in the case of PAHs, 
it is apparent that LAMMA provides the unique capability of detecting these species on a 
micrometer scale. These preliminary results exploiting LAMMA in an organic microprobe 
capacity are indeed encouraging, and warrant further methodological development. 
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IDENTIFICATION OF PIGMENTS OF ARTISTIC, FORENSIC, AND INDUSTRIAL IMPORTANCE BY THE RAMAN 
MICROPROBE (MOLE) AND SCANNING ELECTRON MICROSCOPY WITH ENERGY-DISPERSIVE X-RAY ANALYSIS 


M. E. Andersen 


Raman microprobes have been applied to a wide variety of both organic and inorganic sam- 
ples for chemical identification of regions or particles as small as 1 um.! These unique 
capabilities are ideal for the examination of art objects because the small sample size 
requirements make the Raman microprobe a nearly nondestructive analytical technique. fo- 
rensic examination of evidence may also require such nondestructive analysis for legal 
reasons. Because pigments are used in both artists' and industrial paints and in plastics 
and polymer fibers, their chemical analysis on a microscale may be important both in de- 
termining their identity and in relating their presence or distribution to other proper- 
ties of the products. As with all other analytical tools, a complete understanding of the 
makeup of a sample frequently requires the use of more than one technique. In the study 
of pigments, the morphological and elemental information derived from scanning electron 
microscopy (SEM) with an energy-dispersive x-ray system (EDS) is often helpful in identi- 
fying which. reference compounds should be compared spectrally with that of the unknown. 
This paper demonstrates how the Raman microprobe can be integrated with other analytical 
tools in the analysis of pigments. 


Appltecattons of Pigment Analysts 


The identification of pigments used by artists is of interest for several reasons. In 
the past particular pigments have been favored by artists and have then fallen from favor 
for reasons such as availability, economics, health hazards, and color stability. A 
knowledge of trade patterns and manufacturing advances may allow art historians to deter- 
mine the temporal and geographic provenances of paintings. Such information is critically 
important in art authentication.* Art conservators must also identify painting materials 
to determine how best to preserve or restore objects exposed to the environment. The mod- 
ern artist frequently purchases a pigment whose name represents a particular chemical com- 
pound. Although the hue of such a pigment is similar to that of the compound, sometimes 
the pigment is composed of entirely different compounds. The chemical differences may 
dramatically alter a painting's appearance or stability. 

The physical characteristics of paints, plastics, and polymer fibers are altered by 
the amount, type, and distribution of pigments. Pigment identification often becomes im- 
portant in trouble shooting production or field-failure problems or in keeping pace with 
competitors. The variations in types of pigments used by various manufacturers over time 
is very useful from a forensic standpoint, since the variations serve as fingerprints of 
a particular manufacturer for a particular time period. Success in matching a paint sample 
or a polymer fiber found on a suspect to the scene of a crime may provide evidence that 
makes the difference between conviction and acquittal. 


Pigment Identtficatton Schemes 


Pigments are often complex mixtures of components blended together to yield a particu- 
lar color. Different phases of the same compound (such as TiO», PbO, or phthalocyanine) 


The author is at W. C. McCrone Associates, Inc., 2820 South Michigan Avenue, Chicago, 
IL 60616. He thanks Ralph Hinch for x-ray diffraction analysis, Jim Gerakaris for the 
graphics, and Fran Einbinder for typing the manuscript. Inge Fiedler first suggested the 
analysis of Naples yellow pigments and Lucy McCrone aided in gathering samples. Walter 
McCrone, Lucy McCrone, Skip Palenik, and Robert Muggli offered valuable suggestions to 
improve the manuscript. 
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display different chemical and physical properties. The detailed analysis of all the mi- 
croscopic components present in a pigment serves to fingerprint it, so that microanalyti- 
cal techniques must usually be employed. 

The most widely employed tool is the optical microscope, which provides information on 
refractive index, birefringence, color, morphology, and particle size of major, minor, and 
trace components in a pigment.* Together these data are often sufficient to characterize 
the pigment. In cases where particle sizes are small (<2 or 3 um) and/or refractive in- 
dexes are high (>1.8), elemental information is often necessary and is obtained through 
microchemical testing® or electron microprobe analysis. Where the sample is composed of 
only one or two crystalline components, x-ray diffraction (XRD) or infrared (IR) spec- 
troscopy*~© can yield precise identification data. In more complex mixtures or where par- 
ticle morphology is important, transmission electron microscopy (TEM) with selected area 
electron diffraction (SAED) may be employed.’ 

The Raman microprobe fills a unique niche in the analysis of both organic and inorganic 
pigments since it yields chemical information, including phase identification, of particles 
as small as 1 um. Thus, it improves upon the capabilities of IR analysis of organic sam- 
ples, which is limited to particles greater than about 25 um.® The practical lower limit 
for XRD is about 10 um,? so here too micro-Raman analysis expands phase identification 
capabilities. The Raman microprobe, MOLE (Molecular Optics Laser Examiner), is designed 
around a research quality microscope that can be easily set up for polarized light micro- 
scopical studies.!® Raman spectra from optically characterized particles can be recorded 
without remounting. 


Instrumentatton and Sampling Techniques 


The pigment samples were spread onto a polished beryllium SEM stub on which a grid had 
been scribed. Beryllium was chosen because it has no interfering spectrum for either 
Raman or EDS analysis. Unshadowed particles were first analyzed at 20 kV with a Cambridge 
Mark 2A SEM and then with the MOLE Raman microprobe. In some cases particles were first 
examined by MOLE on a glass slide before being transferred to a beryllium stub. A Leitz 
100x (0.90 N.A.) infinite-tube-length-corrected objective was used in all Raman analyses. 


Examples of Pigment Analysts 


Naples yellow!!,12 is a pigment whose history is not well known. It is thought to be 
lead antimonate Pb3(SbO,)>, but through the years numerous materials have been substituted 
to produce similar hues without a change in name. The pigment is usually made by roasting 
of the mixed oxides. The hue can be controlled to some extent by the Pb/Sb ratio and by 
limiting the extent of the reaction since the lead oxides are yellow and the antimony ox- 
ides are white. Traces of the unreacted oxides often remain. 

A Naples yellow from Weber was composed almost entirely of equant isotropic submicro- 
meter yellow particles. The Raman spectrum of a 3um agglomerate (Fig. 1) was readily ob- 
tained (Fig. 2), but it matched no available reference spectrum. The EDS spectrum (Fig. 3) 
indicated the particle contained primarily lead and antimony with a trace of zinc. (The 
iron peak is an instrumental artifact.) Zinc is frequently added to lead pigments to in- 
hibit discoloration from atmospheric sulfide, since zinc sulfide is white. Two cubic forms 
of lead antimony oxide exist; monimolite, Pb3[Sb0,]>2; and bindheimite, PboSb20g(0,0H). 
X-ray diffraction data confirmed that the isotropic phase in this Naples yellow is 
bindheimite. 

Another Naples yellow (Roberson) also contained bindheimite, as confirmed by Raman mi- 
croprobe. A minor phase displayed a needle-like morphology and yielded the Raman spectrum 
shown in Fig. 4. The crystal was identified as valentinite,!* the orthorhombic form of 
Sb203. EDS analysis of the crystal confirmed this identification (Fig. 5). 

A third Naples yellow (Roberson--pale) was composed primarily of equant submicrometer, 
white, lead-bearing particles and deeply colored yellow needles (Fig. 6) containing lead 
and chromium, Raman microprobe identified these components as cerussite (PbC0O3, Fig. 7) 
and crocoite (PbCr0,, Fig. 8). 

Some organic pigments tend to be sensitive to laser-beam damage and natural-product 
organic pigments may also fluoresce. Nonetheless, many organic pigments yield strong char- 
acteristic Raman spectra (Fig. 9). 

An example of both industrial and forensic interest is the examination of pigmented 


198 


FIG. 2.--Raman spectrum of particle in 
Fig. 1: laser 514.5 nm, 2 mW at sample, 
lum beam diameter, 3cm”! spectral slit 
width, time constant 1 s, scan rate 
42 cm7!/min, full scale 3000 counts. 


Spm agglomerate of Weber 
Naples Yellow pigment 
Bindheimite 


FIG. 1.--SEM micrograph of 


Weber Naples yellow pigment 
particle; no conductive ee 
coating on beryllium 
substrate. 


FIG. 3.--EDS spectrum of particle in Fig. l. 
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FIG. 5.--EDS spectrum of valentinite crystal. 
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iSx4um crystal of 
valentinite in Roberson 
Naples Yellow pigment 
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FIG. 4.--Raman spectrum of colorless 
needle-like crystal of valentinite in 
Roberson Naples yellow pigment. Laser 
5914.5 nm, 5 mW at sample, lum beam dia- 
meter, 4cm-! spectral slit width, time 
constant 3s, scan rate 17 cm~!/min, 
full scale 1000 counts. 


Syurn agglomerate of white particles in 
Roberson pale Naples Yellow pigment 
Cerussite 


1000 500 "100 


em! 
FIG. 6.--SEM micrograph of yellow lead- FIG. 7.--Raman spectrum of white equant 
chromium bearing needle-like crystals particles such as pictured in Fig. 6; 
and white lead-bearing equant particles. laser 514.5 nm, 5 mW at sample, lum 
Roberson pale Naples yellow pigment. No beam diameter, 4 cm7! spectral slit 
conductive coating on beryllium width, time constant 1 s, scan rate 
substrate. 42 cm7!/min, full scale 3000 counts. 
FIG. 8.--Raman spectrum of yellow needle- 
like crystal in Fig. 6; laser 514.5 nn, 
2 mW at sample, lum beam diameter, 3 cm! 
spectral slit width, time constant 0.3 s, 
scan rate 42 cm !/min, full scale 3000 2xi5ym yellow crystol in Roberson 
counts. pate ws -_ pigment 

ocae 


em! 


l2um agglomerate of Grumbacher 
copper phthalocyanine 


FIG. 9.--Raman spectrum of 
"Thalo" blue pigment; laser 
514.5 nm, 1 mW at sample, 
12um beam diamter, 3 cm! 
spectral slit width, time 
hii lili ;, py constant 1 s, scan rate 
|  pmromeres §~A2 cm-!/ min, full scale 


ent 109 1000 counts. 
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polymers and delustered fibers. Filled polymers must usually be pyrolyzed before analysis 
by IR, and the filler material must be analyzed separately by, for instance, the electron 
microprobe. With the Raman microprobe one can identify both the inorganic and organic com- 
ponents simultaneously. The spectrum of a spandex fiber (Fig. 10) reveals both the rutile 
(Ti0,) pigment (peaks below 700 cm!) and the polyurethane spectra. The presence of. rutile 
pigment distinguishes this fiber from most spandex fibers that use anatase as a pigment be- 
cause anatase is less abrasive. 


Rutile filed 
Spandex fiber 


FIG. 10.--Raman spectrum of delustered spandex fiber; laser 514.5 nm, 15 mW at sample, 
10um beam diameter, 5cm™! spectral slit width, time constant 1s, scan rate 42 cm~*/min, 
full scale 1000 counts. 


Conelustons 


The Raman microprobe is a useful tool for analyzing organic and inorganic pigments, es- 
pecially where sample size constraints are a problem. While fluorescence and photo- 
induced sample degradation are occasionally problems, most pigments yield strong Raman 
spectra. A major drawback is the lack of a suitable reference library of spectra. The 
creation of such a library for a particular inorganic pigment is facilitated by a knowledge 
of the elemental content of the pigment particle, readily obtained by SEM with EDS. 
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Secondary Ion Mass Spectrometry 


PRECISTON AND ACCURACY OF HIGH RESOLUTION ISOTOPIC MEASUREMENTS WITH THE ION 
MECROPROBE AND SYSTEMATICS OF ION FORMATION 


J. T. Armstrong, J. C. Huneke, and G. J. Wasserburg 


The ion microprobe has been demonstrated to be a valuable tool in determining isotopic and 
chemical variations in microvolumes of lunar, meteoritic, and terrestrial samples.!~3 Yet 
applications of the ion microprobe to the study of terrestrial and extraterrestrial materi- 
als have been limited by the severity of the isobaric interferences in the mass spectrum 
and the lack of sufficient instrument control to obtain high precision measurements at the 
high resolving powers needed to eliminate these interferences. We report the development 
of analytical techniques and instrumental modifications to PANURGE, the Caltech-modified 
CAMECA IMS3F ion microprobe, to enable the accurate and routine measurement of isotopic 
and chemical ratios at high resolving powers in an automated peak jumping mode, to increase 
the useful ion yield, and to acquire data on a time scale short compared to variations in 
analytical conditions. 


Magnet Field Control 


High-precision isotopic measurements at high mass resolving power require (1) a high 
level of electrostatic and magnetic field stability during measurements, (2) an ability to 
compensate for minor field instabilities and drift and repeatedly and precisely set the 
magnet field for preselected mass values, and (3) procedures that compensate for signifi- 
cant magnet hysteresis. The addition of high-stability power supplies for the mass spectro- 
meter electrostatic analyzer and improved temperature control of the Hall probe magnetic 
field sensor have significantly improved field stabilities. New computer control software 
has been developed for data acquisition by sequential stepping of the magnet field to pre- 
cisely determined values. The shapes of the various major mass peaks and magnet field val- 
ues corresponding to centroids and half heights are initially determined in the order of 
data acquisition. During data acquisition, intensities are measured at each cycle on the 
nominal half height positions as well as the top of each peak which contains sufficient in- 
tensity. For use in the next cycle, the stored field values are then corrected for the 
change in the field calculated from the relative half height intensity measurements. The 
magnet field values of low-intensity peaks are given by fixed dispersion factors relative 
to reference peaks determined in previous experiments. The constancy of the dispersion 
factors between major peaks are determined as a check on the accuracy of the fixed disper- 
sion factors for the minor intensity peaks. The typical measured short term (10min) sta- 
bility of the magnetic field with this control program is approximately +1 ppm (20) corres- 
ponding to shifts of +0.05 mamu, which is equivalent to one-tenth of one of the digital 
magnet field control steps. The long-term measured field variations during data acquisi- 
tion (1 hr) are typically approximately +5 ppm (20) corresponding to +0.2 mamu or +0.5 
digital steps. Dispersion values appear to be constant over the course of a series of da-. 
ta acquisitions (1 day) to +0.5 mamu or +1 digital control step. The ability to relocate 
mass peaks by programmable magnet field control has been found to be sufficient to obtain 
high precision isotopic ratio data at mass resolving powers (M/AM) of 8000 and routinely 
at M/AM < 6500. 
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Counting Ltneart ty 

In order to obtain interpretable high-precision isotopic measurements, the ion pulse 
counting system must operate at relatively high gain, but with very low background. It 
must also be close to linear over a very wide dynamic range (0 to 10© cps) and the small 
degree of nonlinearity must be constant and correctable. Substantial changes have been 
made to the electron multiplier counting system to meet these requirements. The electron 
multiplier typically operates at a gain of the order of 108. The measured background is 
typically <0.1 cps. Direct measurements of pulse pair resolution and precise measurements 
of isotopic ratio variations obtained at different counting rates both indicate that the 
pulse counting system has a linearity consistent with a simple deadtime of 17 ns (requir- 
ing a correction of <2% at 10® cps). 


Measurement Prectstion 


Typical measured standard deviations of isotope ratios, both for high-intensity and 
low-intensity peaks, approximately equal the precisions predicted by counting statistics. 
The measured standard deviations of the averages of blocks of isotope ratio data also typ- 
ically approximate the precisions predicted from counting statistics indicating a converg- 
ence of the mean. For typical (1 hr) experiments, the relative precisions (2 standard er- 
rors of the mean, 20,) obtained for about 50 measurements of major isotope ratios (e.g., 
46/48, 47/48, 49/48, 50/48 in Ti metal) are approximately 1°/.o0. Typical relative pre- 
cisions of Ti, Si, and Mg isotopic ratio determinations (20,) in a glass of Al-, Ti-rich 
pyroxene (fassaite) composition are 1-2°/.o.. Typical relative precisions obtained for Mg 
isotopes in plagioclase crystals from Ca-, Al-rich inclusions in the Allende meteorite 
(approximately 500 ppm Mg) are 2-4°/oo. For trace Mg in an anorthite glass (approximately 
20 ppm), typical relative precisions of 5-10°/.. have been obtained in 1 hr experiments 
(about 50 ratio measurements). 


Fracttonatton 


Instrumental mass discrimination or fractionation must be known and kept relatively 
constant between experiments in order to make accurate determination of isotopic fraction- 
ation anomalies possible. In samples with normal isotopic composition, the isotopic ratios 
typically fall within counting statistics of a linear mass fractionation line. Instrumental 
parameters can significantly change the amount of instrumental mass discrimination. When 
conditions are kept relatively constant, however, the degree of mass fractionation can be 
stable. A series of experiments determining Ti isotopic composition in normal Ti metal 
showed a fractionation of -1.50% + 0.16%/amu (20). (Negative values indicate fractionation 
favoring light isotopes.) Si instrumental isotopic fractionation in fassaite glass was 
found to be -3.63% + 0.74%/amu (20). Although the degree of fractionation varies consider- 
ably from element to element, it does not appear to be especially sensitive to matrix com- 
position. The fractionation for Ti isotopes was found to be -1.46%/amu in fassaite glass 
and -1.50%/amu in Ti metal. Si instrumental isotopic fractionation was found to be -3.64%/ 
amu in fassaite glass, -3.72%/amu in Allende WA plagioclase, and -3.69%/amu in Allende 
3529Z plagioclase. Mg isotopic fractionation was found to be -1.09%/amu in fassaite glass, 
-1.04%/amu in Lake County plagioclase, and -1.18%/amu for the trace Mg (20 ppm) in synthetic 
anorthite glass Gl. 


Elemental Abundance Determination 


The relative efficiency of secondary-ion production is a complex and poorly understood 
function of a number of matrix-dependent parameters (e.g., Ref. 3), which limits the ac- 
curacy of element abundance determinations with the ion microprobe. However, in matrices 
of similar composition, the relative ionization efficiency can be relatively constant and 
reasonably accurate factors for the calculation of atomic ratios from measured sputtered 
ion currents can be determined. Such relations were determined for the major element 
pairs in the various plagioclase crystals and anorthite glasses studied in this experi- 
ment. The ratio of the measured Cat*/Al* to the relative atomic abundance was determined 
to be 0.051 + 0.006 (20) in anorthite glass G1, 0.053 + 0.004 in Allende 3529Z plagio- 
clase, 0.054 + 0.002 in Allende WA-IPPL9 plagioclase, and 0.056 + 0.001 in Allende 
WA-IPPL1O plagioclase. Measured Mg*/Al* in anorthite glass, pyroxene glass, and Allende 
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plagioclases differed from known atomic abundance ratios by only 15%, Mgt/Al* = 1.15 + 
0.10Mg/Al. 
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STANDARD CaAl5Si20g GLASSES WITH VARIOUS Mg ISOTOPIC COMPOSITIONS FOR ION 
MICROPROBE CHARACTERIZATION 


J. T. Armstrong, J. C. Huneke, H. F. Shaw, T. A. Finnerty, and G. J. Wasserburg 


The ion microprobe has the capability of measuring the isotopic composition of a large vari- 
ety of elements in solid specimens. The accurate determination of isotopic variations in 
microvolumes of material has important applications in diverse fields including cosmochemis- 
try, geochemistry, materials science, and biochemistry. Accurate measurement is often hin- 
dered by the multitude of isobaric interferences of molecular ion species and by large iso- 
topic fractionations that often result from the combination of the sputtered ion formation 
process and the ion extraction and measurement methods. Thus, the accurate quantitative 
analysis of isotopic compositions in complex materials with the ion microprobe requires meas- 
urement at high mass resolving powers and precise determinations of mass fractionation and 
detector nonlinearity effects. The confirmation of the reproducibility and accuracy of such 
measurements requires testing of the instrument with the use of well-characterized stan- 
dards, which are not naturally available. This paper describes (a) the synthesis of a 
series of standard glasses, nominally CaAloSioOg (anorthite), with added trace amounts of 
Mg (about 300 and 1000 ppm) of various known isotopic compositions (*°Mg excesses of about 
0, 1, 3, 10, and 30%), and (b) the results of ion microprobe analyses of these glasses to 
test the precision and accuracy obtainable. 


Preparatton of Standards 


Starting materials for the standard glasses were prepared by the method of Finnerty et 
al.,/ in which organic acid solutions of the cations of interest are mixed with a stabilized 
colloidal suspension of silica to make a homogeneous aqueous mixture of the desired compo- 
sition. This mixture is rapidly frozen and the water removed by sublimation under vacuum. 
The dry residue is then heated in air at about 1000°C to oxidize the organic anions. The 
result is an intimate mixture of oxides which can then be melted to a homogeneous glass. 

In order to prepare the enriched Mg standards, one batch of an aqueous mixture approximate- 
ly the composition of anorthite (CaAljSi20g) was prepared from stock cation solutions. 
(Exact anorthite stoichiometry was not obtained due to inaccurate calibration of the con- 
centration of one or more of the stock solutions.) This solution was then split into two 
equal volumes. Mg of normal isotopic composition was added to each volume to bring the Mg 
concentrations in the final anorthite glasses to approximately 300 and 1000 ppm. The two 
mixtures were then each split into four parts. A solution of 25mg (99.2% 25Mg, 0.4% 29Mg, 
0.4% 26M) was added to these mixtures in order to create enrighments (relative to terres- 
trial normal Mg) of approximately 0, 1, 3, and 10% 25Mg in the 1000ppm materials and ap- 
proximately 0, 3, 10, and 30% 25Mg in the 300ppm materials. (The nominal compositions of 
the various glasses are given in Table 1.) After freeze drying and heating as described 
above, the oxide powders were brought to about 1500°C over 1 hr and held at that tempera- 
ture for 1 hr at 1 at. in covered Pt crucibles. The melts were then quenched in air to 
form the glasses. 

After cooling, the glasses were crushed in individual, specially prepared stainless- 
steel mortars and pestles, and fragments were selected for analysis. Each mortar and pestle 
was used once and then discarded to eliminate contamination. Single 0.5mm-sized chips were 
mounted in epoxy in millimeter-sized cavities in stainless-steel cylinders and polished with 
diamond polishing materials. Separate laps were used for polishing each sample to avoid 
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TABLE 1.--Elemental composition of anorthite (An-Mg) glasses (in oxide wt.%). 


Nominal Electron probe results (9 analyses/glass) 
Glasses Glasses An-Mg-6+20,, An-Mg-7+20,, An-Mg-8+2o0,, 
1-4 5-8 
Cal 20.15 20.12 21.6740.13 21.7340.15 21.59+0.10 
Al703 «336.64 36.60 37.4720.28 37.8040.32 37.37+40.34 
Si09 43.17 43.12 40.64+0.40 40.60+0.50  40.61+0.22 
MgO 0.048 0.166 0.1840.05 0.15+40.03 0.1540.02 
; 100.01 100.01 99.96 100.28 99./2 


TABLE 2.--Mg isotopic composition of anorthite (An-Mg) glasses 


Nominal 


Glass ppm Mg 25Mg/24Mg 525(Mg/24Mg) 26Mg/24Mg 


An-Mg-1 292 0.12663 0 0.139805 
An-Mg-2 292 0.13033 29.2°/oo 0.13982 
An-Mg-3 292 0.13951 | 101.7°/oo 0.13985 
An-Mg-4 292 0.16690 | 318.0°/oo 0.14123 
An-Mg-5 | 1000 | 0.12663 0 0.139805 
An-Mg-6 | 1000 | 0.12782 | 9:4°/oo | 0.13981 
An-Mg-7 | 1000 0.13029 28.9°/oo | 0.13982 
An-Mg-8 | 1000 0.13903 97.9°/cc 0.13985 


Icalculated relative to "normal" Mg isotopic composi- 
tion: 25Mg/24*Mg = 0.12663 and 2&Mg/24Mg = 0.139805. 


TABLE 3.--Results of ion microprobe isotopic measurements of anorthite (An-Mg) glasses. 


Analytical 5(29Mg/24Mg) F(°/oo/amu) 42a, 
conditions Ion probe +20, E : 
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cross contamination. The polished specimens were carbon coated, analyzed with the electron 
microprobe, repolished to remove the carbon, then gold coated and put into the ion micro- 
probe for analysis. Separate fragments of the glasses were selected for chemical and iso- 
topic analysis by normal thermal emission mass spectrometric techniques. The bulk of the 
glass standards has been stored for future investigation and later may be made available to 
other laboratories. 


Analytical Results 


The major element composition of the glass standards were determined by electron micro- 
probe analysis with an automated MAC-5-SA3, The correction procedures of Bence and Albee“ 
were employed. An anorthite standard was analyzed at the same time as the glasses to de- 
termine that no systematic errors occurred. The results of the analyses of representative 
glasses are given in Table 1. The glasses appeared to be homogeneous on a micron scale to 
the precision determined by the counting statistics. No statistically significant differ- 
ences in the major element composition were found among the various glasses. The Mg com- 
position was nominally the same as that predicted by gravimetry, although the uncertainty 
due to counting statistics at such low Mg concentrations is quite large. 

Ion microprobe analyses were performed on the various glasses using PANURGE, a Caltech- 
modified Cameca IMS-3F ion microprobe. The samples were bombarded by a negatively charged 
oxygen beam of about 5 nA current. A 50 x S50Oum area was rastered to remove the gold coat 
and surface contamination before analysis. The analyses were performed with a 10yum focused 
beam or 15 x 15um rastered area in the center of the 50 x 50um rastered field. A 150um im- 
aged field was focused through the secondary optics. Minimal energy filtering was employed, 
sufficient to enable analysis at a mass resolution of M/AM = 3000. 

Mg* and Si* isotopic ratios and Cat+/Mg*t and Al*/Mg* were measured at a mass resolving 
power of M/AM = 3000 to avoid isobaric interferences by hydride and multiply charged ion 
spectes (e.g., 24ueH* , *8catt), Detailed peak shapes and magnetic field strengths corres- 
ponding to each mass peak were first established, and ion currents measured by repetitive 
stepping of the field to peak sides to determine precise peak location and then to peak 
maxima to acquire data. The field was stepped to the peak location determined in the pre- 
ceding cycles. By these means, the reproducibility of the programmed magnetic field posi- 
tion over the course of the experiment was typically +8 ppm (20) or about +0.35 mamu. 

Mg and Si isotopic results are summarized in Table 3. Errors are 20mean- In all the 
isotopic experiments, the scatter of intensity ratios was approximately that predicted by 
counting statistics and the means converged. Standard deviations were found to exceed the 
counting statistics by a factor of 1.5 or more only when the sample was charging or the 
primary beam was unstable. The experimental mass fractionations for Mg and Si were cal- 
culated by the expressions: 
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in °/eo per amu, where meas = the mean ratio of measured ion beams corrected for instrumen- 
tal drift by time interpolation of the reference isotope, grav = determined by gravimetry, 
norm = normal terrestrial isotopic ratio. 

The deviations from normal compositions of 2°Mg, due to added excess *°Mg, and of 28si, 
due to nonlinearities or deadtime of the counting system at the high count rates of about 
108 cps at which this isotope was measured, were determined by the approximations 
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FIG. 1.--25Mg/2"Mg in isotopically enriched anorthite glass standards with (a) 300 ppm Mg 


and (b) 1000 ppm Mg, with enrichment in 2°Mg measured by ion microprobe at M/AM = 3000 
plotted vs gravimetrically calculated enrichments. 
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The 6(29Si/28Si) values were consistent with a counting system deadtime of 18 + 2 ns, which 
is in excellent agreement with the independently measured pulse pair resolution for the 
counting system of 17 ns, The maximum countrate of 24Mg was about 30 000 cps, and no dead- 
time correction was required for the Mg isotopic results. 

The comparisons between the measured 6 (25Mg/24Mg) values and those predicted by gravi- 
metry are shown in Fig. 1. As can be seen in the figure, the agreement between measured 
and predicted values is excellent. In all cases except An-Mg-4, the measured value lies 
within 20mean of the value calculated by gravimetry. An-Mg-4 is the glass with greatest 
added excess 25Mg. The measured and calculated 6(*°Mg/*'Mg) for An-Mg-4, and the rela- 
tively small aifference, may be due to uncertainty in the exact composition of the 2°Mg spike 
Determination of whether the deviation between measured and actual 6(2°Mg/2"*Mg) for An-Mg-4 
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is real will require the results of the independent mass spectrometric analyses. These 
measurements show one can routinely collect precise isotopic data with the ion microprobe, 
operating in a programmable peak jumping mode and at high mass resolving powers; accurately 
correct for mass fractionation; and quantitatively resolve Mg isotopic differences as small 
as 10°/oo with a precision of +3°/oo (20m) in silicate samples with Mg elemental concentra- 
tions as low as 300 ppm. 

The analyses of the standard glasses occurred over a period of two months and under two 
slightly differing sets of analytical conditions (A and B in Table 3). The two sets of an- 
alytical conditions had no effect on the measured 6 (2°Mg/24Mg) , as can be seen from the 
replicate analyses of glasses An-Mg-4 and An-Mg-5. However, they did affect the magnitude 
of the measured fractionation for Mg and Si. Within each set of analytical conditions, the 
measured fractionation was constant within +5°/.. (equivalent to the measurement precision) , 
as is shown in Fig. 2. Mgt fractionation, relative to normal Mg,varied from -6 to -16°/oo 
per amu; Sit is more heavily fractionated at -36 to -46°/o. per amu. 

The measured Ca**/Si*t, Mgt/Cat*, Mgt/Sit, Al*/Sit, Al*/Ca*t*, and Mg*/Al* varied con- 
siderably during the course of the individual experiments and yielded standard deviations 
as much as 10 times greater than predicted by counting statistics (Table 4). Such varia- 
tions are routinely observed during the sputtering of homogeneous specimens. For given sets 
of analytical conditions, the relative sensitivities (measured ion ratio/atomic ratio) for 
Catt /Sit, Mgt/Ca*t, Mgt /Sit , Al*/Si*, Al*/Ca*t*, and Mgt/Al* did not appear to vary over 
measurement precision (about 10% relative 20) from sample to sample. The relative sensi-~ 
tivities determined for the glasses did not appear to differ from those measured for ter- 
restrial and meteoritic anorthites. 


Summary 


A series of glasses of nominal anorthite composition, doped with trace amounts of Mg 
of variable isotopic compositions, have been prepared. The excellent agreement between Mg 
isotopic compositions measured by the ion microprobe and calculated by gravimetry demon- 
strates the ability to measure, under high mass resolution conditions, Mg isotopic enrich- 
ments of only 10°/ oo with a precision and accuracy of +3°/oo (20,) for Mg at the 300 ppm 
level in silicate material. 
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TABLE 4.--Results of ion microprobe elemental sensitivity factor measurements of anorthite 
(An-Mg) glasses (+20). 


Analytical Glass (Cat+/Sit+) eee (Mgt+/Sit+) (Al+/Si+) (Al+/Cat++) (Mg+/Al+ 
conditions a/S1 Mg/Ca Mg/S1 51 Ca Mg/Al 


A An-Mg-2 0.2140.04 25.742.8 5.110.4 - - - 
An-Mg-4 0.22+0.02 24.3+0.7 5.1+40.5 - - ~ 
An-Mg-5 0.22+0.03 23.6+2.6 5.0+0.5 - 22.1 1.06 
An-Mg-6 = 0.22+0.03 23.4+2.6 5.140.7 4.640.6 19.640.1 1.10+0.01 
An-Mg-8 0.22+0.03 24.441.5 5.240.5 - - ~ 

B An-Mg-1 0.2840.04 18.721.0 5.140.7 4.840.1 16.140.5 1.13+0.04 
An-Mg-3 0.28+0.06 21.5+1.4 5.440.6 4,940.3 18.240.7 1.1140.01 
An-Mg-4 9.3040.03 19.040.7 5.540.6 4.840.2 16.040.7 1.1640.02 
An-Mg-5 0.28+0.02 20.0+1.4 5.640.5 4.840.3 17.2+1.1 1.17+40.03 
An-Mg-7 = 0.30+0.02 18.4+].0 5.440.4 4.740.4 15.840.4 1.16+40.01 


209 


K. F. J. Heinrich, Ed., Microbeam Analysis — 1982 
Copyright © 1982 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800 


SIMS ANALYSIS OF NMOS VLSI DEVICES 
D. S. Koellen 


A central support group at MOSTEK, the Analytical Beam Laboratory, provides surface analy- 
sis for all groups. The groups supported include Failure Analysis, Research and Develop- 
ment, product groups, assembly and manufacturing groups. Submitted samples vary greatly, 
from incoming raw silicon wafers to finished packaged devices. Typical analyses range from 
identifying unknown contaminants and corrosion agents, dopant analysis, and process para- 
meter measurement to flame retardant identification and plastic packaging material 
analysis. 

The CAMECA IMS-3f ion microanalyzer is one instrument used in this laboratory. Its ex- 
cellent sensitivity and depth profile capabilities are used to provide analysis on the de- 
vice level as well as with specially produced monitor wafers. Both oxygen and cesium pri- 
mary ions are used; positive oxygen, with electron flooding, is moste widely used because 
of the great number of oxides analyzed. In most analyses no gold layer is needed even when 
very thick insulators are analyzed. 

Contending with charging, layer mixing, and imaging problems is very difficult, espe- 
cially at the device level. Discussion of such problems and examples of analyses on de- 
vices as well as on other samples are presented in this paper. 


Procedure 


Many of the samples submitted for analysis are VLSI devices with very complex configu- 
rations, often as small as 3-5 um. These devices are multilayered with various oxide, 
polysilicon, metal, and dopant layers. The surface tends to be rough with widely varying 
topology. Ail these factors make analysis difficult. The oxide layers encountered are 
thick; typical thicknesses range from 4 kK to 12 kR. Total oxide thicknesses as great as 
28 kK have been profiled successfully. 

Choosing the area of analysis is important. Several factors must be taken into con- 
sideration. The area of analysis must be easily located with the instrument. Also, the 
area of analysis should be as flat as possible to reduce layer mixing, and be located as 
far from the edge of the die as possible. 

Capacitors, large transistors, and bond pads are excellent choices. Obtaining the dis-~- 
tribution of contaminants or dopants through various device layers is a frequent request 
that is easily done in one of the abovementioned areas. An empty bond pad is favored be- 
cause it is flat and easily imaged, since the metal is exposed through an opening in the 
top passivation. Other areas of the die are covered with a passivating layer of Si0) which 
makes imaging and area location difficult. 

Calculating or measuring depth of analysis can be difficult on rough samples. Stan- 
dard techniques that use a mechanical stylus or SEM are almost impossible on a device. 
Measurement of certain elements provides "flags" that make it possible to determine the 
analysis depth. A typical cross section of a device is shown in Fig. 1. Phosphorous, alu- 
minum, and silicon provide depth information here. The phosphorous signal indicates loca- 
tion of the top passivation layer and the phosphorous stabilization layer (PSL); aluminum pro 
vides the location of the metal layer. The silicon signal intensity is much higher in the 
oxide layers than in the aluminum or polysilicon layers (silicon intensity is also reduced 
at the substrate) and thus provides a "flag'' for the polysilicon and gate oxide location. 
Chlorine may also be used to locate the dichlorosilane glass (hotwall Si02); and substrate 


The author is with United Technologies/Mostek Corp., 1215 West Crosby Road,Carrollton, 
TX 75006. He thanks Susan Hauser and Marc Korte for their diligent instrument operation 
and cooperation. 
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dopants also provide junction information. Figure 2 is an example of the use of ''flags''; 
the area profiled is a 50 x 50um transistor. The structure consist of 6 kA of hotwall Sid. 
on 4 kA of polysilicon; immediately below the polysilicon is a 600A gate oxide. The chlo- 
rine signal clearly indicates the top oxide layer. Reduction of silicon (Siz®°) intensity 
and disappearance of the chlorine signal happens at the polysilicon layer. The second rise 
in silicon intensity is the gate oxide. Silicon intensity reduces as the substrate is en- 
tered. Notice the chlorine reduction before the silicon reduction at the hotwall Si0,- 
polysilicon interface; a thin layer of thermal oxide on the polysilicon causes this chlo- 
rine reduction. 
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FIG. 1.--Typical device cross section. 


Analyses 


Ionte Contamination. Identification of contaminants, especially positive mobile ions, 
and their distribution is a frequent request. Positive ionic contamination affects the 
turn-on voltage Vy of transistors on a device. A mobile contaminant causes the turn-on 
voltage to change with temperature and time, a most undesirable feature. Sodium is the 
most common ionic contaminant, as is well known in the MOS industry. A sample with low 
turn-on voltages was submitted for analysis; the turn-on voltage was found to shift with 
temperature. Sodium and potassium were prime suspects but depth profiles showed that the 
levels were normal. Mass spectra indicated abnormal lithium levels, which was confirmed 
by a depth profile performed through a bond pad with silicon, phosphorus, and aluminum 
used as "flags." Figures 3 and 4 are the normal and low-Vy sample profiles; the lithium 
level is much higher in the low-Vy sample. Lithium-based grease in the ion implanters 
used in the fabrication areas is a possible source of this contamination. 


Impurities from Gold Evaporation. Standard procedure for analysis of insulating ma- 
terials was to evaporate a thick (about 500A) film of gold onto the sample to reduce charg- 
ing. This layer of gold also adds significant amounts of potassium, sodium, and calcium 
to the sample surface, as demonstrated in comparative depth profiles of aluminum with a 
thick layer of gold on the surface (Fig. 5) and aluminum without gold (Fig. 6). Potassium, 
sodium, and calcium are present at the surface of the gold-coated sample at much higher 
concentrations than in the sample without gold. Gold is now rarely used. Reduction of 
charging effects now depends largely on sample mounting and electron flooding. 


Plastte Package Contaminants. Modern integrated circuits are variously packaged. 
Plastic injection-molded packages are popular and economical. However, the plastic is 
porous and is often blamed as a source of contamination. The surfaces of three samples 
were analyzed to identify the source of ionic contaminants such as potassium and sodium. 
Obviously, from the prior example, no gold could be used on these samples. Depth profiles 
were obtained for three samples: a plastic-packaged device with large Vy shifts (Fig. 7), 
a good plastic packaged device (Fig. 8), and a device originally packaged in a hermetic 
ceramic package (Fig. 9). The plastic-packaged device with V7 shifts had the greatest 
levels of potassium and sodium at the surface of the die. The normal plastic device had 
less sodium and potassium than the Vy shift sample but more than the ceramic packaged de- 
vice. The high contaminant concentrations detected at the surface of the plastic devices 
supports the claim that the plastic package is a source of contaminants. 
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FIG. 9.--Depth profile: Ceramic package. 
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FIG. 8.--Depth profile: Plastic package, 
normal V+. 


Sealing Glass. Sealing glass is used to 
bond two halves of a ceramic package together. 
The glass flows at a low temperature and has 
very low conductivity. Sealing glasses from 
two vendors were analyzed to find differences 
between the samples. Both vendors claimed 
the glasses were identical even though one is 
dark and the other is light. The glass, on 
ceramic material, was analyzed for constitu- 
ents. The glass is 0.4 mm thick. Only the 
electron flood gun was used to reduce charg- 
ing. Figures 10 and 11 are the 120-240 AMU 
portions of the mass spectra acquired from 
the light and dark sample, respectively. The 
samples are not the same; the light sample has 
barium in addition to the other constituents 
found in both samples. 


Summary 


The CAMECA IMS-3f ion microanalyzer can 
be successfully used for analysis of VLSI de- 
vices and related materials. For a success- 
ful analysis a number of factors must be con- 
sidered: analysis area location and selection, 
device charging, layer mixing, and depth lo- 
cation "flags." 

Examples of analyses performed demonstrate 
the importance of these factors. Identifying 
ionic contamination used depth location 
"flags'"' and careful area of analysis selec- 


213 


tion, and also demonstrated the importance of using a control device. Examination of gold 
on aluminum demonstrated why one should use electron flooding and sample mounting without 
gold coats for charge reduction during insulator analysis. The utility of this technique 
was shown in the study of surface contaminants from plastic packages and the elemental 
makeup of thick sealing glass on ceramic substrates. 
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FIG. 10.--Mass spectrum (120-240 AMU): Light glass. 
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FIG. 11.--Mass spectrum (120-240 AMU): Dark glass. 


214 


K. F. J. Heinrich, Ed., Microbeam Analysis — 1982 
Copyright © 1982 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800 


SECONDARY TON MICROSCOPY OF HYDROGEN IN IRON AND NICKEL BASED ALLOYS 
William Katz, C. L. Briant, and G. A. Smith 


Hydrogen had long been known to cause deleterious effects in alloy steels. If iron or 
nickel based alloys are mechanically tested in a hydrogen bearing environment, one often 
finds that the mechanical properties of the material are degraded. Secondary ion micros- 
copy (SIM) has been used to determine the lateral distributions of hydrogen in both iron 
and nickel based alloy systems. The data indicate two different fracture mechanisms. 

In inconel and low-alloy steel the hydrogen appeared relatively uniformly distributed and 
showed no detectable preference for the grain boundary. In the case of 304 L stainless 
steel, the hydrogen did, however, show clear evidence of segregation to the martensite 
laths. 

The effects of segregation of impurity elements to grain boundaries are known to re- 
sult in intergranular fracture. Elements from groups IV, V, and VI of the periodic table 
are known to be embrittling elements. Other elements such as Ti and Mo, however, are 
known to act as segregation inhibitors whereas others, such as Ni and Mn, act to enhance 
segregation. For example, the addition of Mo to a Ni-Cr steel doped with P is noted to 
retard embrittlement! and the addition of Mn enhances it.2 It can be seen that the seg- 
regation of impurities in steels often containing many elements is an extremely complex 
process. 

Apart from the abovementioned elements known to embrittle alloy steels, one element 
recognized as a species that can lead to brittleness in steels is hydrogen. If a fracture 
occurs as a result of the presence of hydrogen, the process is often known as hydrogen em- 
brittlement or hydrogen-assisted cracking (HAC). If a material susceptible to HAC is 
stressed in a hydrogen-bearing environment or is charged with hydrogen prior to the stress 
application, the results are often a reduction in the ultimate tensile strength and in the 
total elongation at fracture as well as a loss in percentage reduction in area of fracture 
and the occurrence of subcritical crack growth. ? 

The opportunity for a steel to pick up hydrogen during either processing or applica- 
tion are prevalent. In order to simulate hydrogen pick-up by steels in the laboratory, 
the material is either thermally or cathodically charged with hydrogen and tested mechani- 
cally, or the mechanical test is performed in either an aqueous or gaseous hydrogen 
ambient. 

If iron or nickel base alloys are mechanically tested in a hydrogen bearing environ- 
ment, one often finds that the mechanical properties of the material are degraded-hydrogen 
embrittlement. Although the specific response of the material depends on alloy composi- 
tion, hydrogen pressure, sample configuration, and test mode, several observations hold 
true in all cases. One is that in nickel base alloys and low alloy steels, the fracture 
mode in hydrogen is often intergranular. For austenitic stainless steels it often occurs 
within the martensite laths that form upon deformation. 

As a result of these observations, the question has arisen as to whether or not hydro- 
gen preferentially segregates to any regions of the material. In particular, one would 
like to know if hydrogen is segregated to the grain boundaries of nickel-base alloys and 
low-alloy steels or the martensite laths of stainless steel. 


Expertmental 


The ability to analyze for hydrogen is an extremely difficult analytical problem. Not 
many analytical methods can detect hydrogen. Moreover, the methods that can analyze for 
hydrogen must, in this situation, also be able to localize the species, that is to say, 


The authors are at General Electric Corporate Research and Development Laboratory, 
Schenectady, NY 12301. 
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determine the lateral distribution of the hydrogen in the matrix. 

Perhaps the ideal experiment would be to fracture the sample in a vacuum and analyze 
the fracture surface. This type of in situ fracture of metallurgical specimens is often 
performed with scanning Auger microscopy (SAM). However, since the Auger process involves 
three electrons, this type of analysis is not capable of detecting hydrogen. We therefore 
decided to use the imaging capabilities of our secondary ion mass spectrometer (SIMS). 

SIMS offers the advantages of being able to analyze (both laterally and in depth) for hy- 

dragen directly with relatively high sensitivity. Unfortunately, an in situ fracture was 

not possible with the instrument used. However, a carefully controlled SIMS experiment on 
a polished surface should yield the desired information. 

To perform these experiments samples of inconel 600, a low-alloy steel, and a deformed 
piece of 304 L stainless steel were electropolished to provide a smooth, flat surface. The 
samples were cathodically charged with hydrogen for times varying from zero (control) up to 
30 min. The samples were stored at liquid-nitrogen temperatures prior to analysis to mini- 
mize hydrogen diffusion. 

The analysis was performed with a CAMECA IMS 3-f ion microscope. The samples were an- 
alyzed with a mass filtered primary beam of 8.0kV!33cs+ and monitoring of the negative sec- 
ondary ions 


G, Secondary lon microscopy o 
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Results 


Secondary ion microscopy (SIM) was performed 
on the samples under identical analytical condi- 
tions. Figure 1 shows four such ion images of 
S8Ni-, He, 12¢- | and !6Q- from the same area 
of an inconel 600 sample. The field of view in 
all cases was 150 um. In order to avoid the ef- 
fects of any surface contamination, images were re- 
corded only after approximately five minutes of 
sputtering. In order to minimize the amount of 
residual vacuum contaminants being deposited on 
the sample surface during analysis, and thus 
maximize detection limits, sputtering rates in 
excess of approximately 100 A/s were used. 

The °8Ni- ion image clearly depicts a triple 
point or an area in the alloy where three grains 
come together. The pits in the material are 
probably due to the electropolishing process. 

In the corresponding !H- ion image, it is clear 
that the hydrogen is relatively uniformly dis- 
tributed across the grains. Samples cathod- 
ically charged for shorter times did not show 
detectable amounts of hydrogen under the ana- 
lytical conditions used. This result estab- 
lishes a real level of hydrogen actually in 

the sample rather than residual vacuum contami- 
nants during analysis. Ion images of l2c- and 
16Q- are seen to decorate the grain boundaries. 

Figure 2 shows a Similar analysis of 304 L 
stainless steel. The °®8Ni- image in this sample 
shows no marked grain structure. The bright 
round spots in the image were determined to be 
due to oxygen and are useful reference points. 
The corresponding 1H- ion image shows dramatic 
segregation to the martensite laths in the 
sample. 


Conelustons 


This work has clearly demonstrated two dif- 
ferent mechanisms of hydrogen embrittlement. 

In the inconel 600 and low-alloy steel, the 
hydrogen was relatively uniformly distributed 
with no detectable preference for the grain 
boundaries. The reason for the preferred grain 
boundary fracture in these alloys probably re- 
sults from the fact that dislocations pile up 
at the boundary and cause very high local stress 
intensities. These localized areas of high stress in the presence of hydrogen may cause 
decohesion. It may also be possible that segregated impurities plus hydrogen may espe- 
cially weaken the boundaries. These data contrast the embrittling mechanism in the 304 L 
Stainless steel where clear evidence of hydrogen segregation to the martensite laths was 
indicated. 

Secondary ion microscopy is a powerful analytical tool for metallurgical systems. In 
spite of the disadvantage of not being able to perform in situ fractures, it has been dem- 
onstrated that the approach can provide valuable results with a controlled set of samples. 
In fact, SIMS ion imaging may actually be the preferred method when the lateral distribu- 
tions of low-level impurities are required. 


FIG, 2.--Secondary ion microscopy of 304 
L stainless steel. 
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NEUTRON-INDUCED REACTIONS AND SECONDARY ION MASS SPECTROMETRY : 
COMPLEMENTARY TOOLS FOR DEPTH PROFILING 


R. G. Downing, R. F. Fleming, D. S. Simons, and D. E. Newbury 


The determination of the distribution in depth of the constituents of a sample provides im- 
portant information for the characterization of materials. Many problems in the physical 
and biological sciences as well as in technology require information on the depth distri- 
bution for correct interpretation of structure and/or properties. A variety of techniques 
for depth profiling has been developed, including secondary ion mass spectrometry (SIMS), 
Rutherford backscattering, ion sputtering/Auger electron spectroscopy, and high-energy ion 
bombardment for inducing nuclear reactions.! Each of these techniques has its characteris- 
tic strengths and weaknesses. All cause substantial structural damage to the sample during 
the measurement of the depth profile. In the techniques based on sputtering, the region 
analyzed is completely destroyed; in the high-energy ion techniques substantial lattice 
damage from atom "knock-on" effects occurs. 

Currently we are developing a facility similar to that at Grenoble for depth profiling 
by means of nuclear reactions induced by a beam of low-energy neutrons.* This technique 
offers the attractive possibility of causing minimal direct damage to the sample in those 
situations where it can be applied, since the primary beam only interacts significantly 
with the atoms of interest. Neutron depth profiling is based on the principle of nuclear 
capture of thermal neutrons to create an unstable nucleus with subsequent emission of high- 
energy monoenergetic alpha particles or protons. A typical reaction is: 


10B + gn! + “He + 7Li (1) 
Other useful high cross section reactions occur with lithium-6, helium-3, nitrogen-14, and 


sodium-22. In all of these reactions the unstable nucleus decays immediately after neutron 
capture. In addition, a unique delayed emission reaction is available for bismuth: 


209R7 + ont > 2110p; ila 210p9 ea 7 » 206ph (2) 


The energy spectrum of the particles emitted from the specimen is measured, and from a 
knowledge of stopping power of the sample, the energy spectrum can be transformed into a 
distribution in depth for the species of interest. 

For all of the reactions except that involving bismuth, the measurement is performed 
in a scattering chamber on a reactor beam line. The delayed emission in bismuth allows 
the sample to be activated in the reactor and conveniently moved to a remote spectrometer 
site for measurement. 

As an example of the synergistic possibilities of combining neutron depth profiling 
(NDP) studies with depth profiling by means of other techniques, we have conducted paral- 
lel measurements on bismuth distributions by means of NDP and SIMS. Figure 1 shows the 
bismuth distribution in a 30keV 299Bi implant in silicon (dose 4.4 + 0.1 x 10!° 
atom/cm?)? determined by SIMS and the corresponding energy spectrum as measured by NDP. 
In this particular case, the implant is so shallow that essentially no energy loss occurs 
for the alpha particle traveling in the silicon, so that the width of the energy distri- 
bution by NDP is determined by the spectrometer response function. From the independent 
determination of the total bismuth implanted in the silicon from the RBS round robin, the 
integrated counts in the NDP spectrum can be used to obtain a calibration factor for the 
NDP system. 


The authors are with the Center for Analytical Chemistry, National Bureau of Standards, 
Washington, DC 20234. 
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A second bismuth-containing sample was then 
et /ee analyzed. This sample consisted of an approxi- 
toc _ee mately 2.5um-thick bismuth layer evaporated on a 
tin substrate, heated in air at 150°C and rapidly 
cooled. A SIMS depth profile (Fig. 2) of the re- 
NDP : sulting layer revealed mixing of the bismuth and 
iv a spectrum — » tin, with an apparent surface peak in both bismuth 
Brimerane iS and tin overlying a layer of bismuth-tin alloy of 
homogeneous composition. Obviously both tin and 
bismuth cannot increase at the surface. The ap- 
parent enhancement is at least partially due to 
matrix effects on the secondary-ion intensities. 
An NDP profile of the same layer (Fig. 3) confirms 
i Se ee. Sa the existence of a real surface bismuth peak as 
Energy (MeV) well as the homogeneous subsurface layer. The 
bismuth calibration factor obtained from the 
bismuth-silicon implant can be used to derive the 
number of bismuth atoms per unit volume in the 
homogeneous layer. Assuming the density of this 
layer to be approximately that of tin, the major 
component, and determining the number of tin atoms 
per unit volume by difference, yielded a Bi/Sn 
atom of 0.14 in the homogeneous layer. This ratio 
0.02 0,04 0.08 0.08 0.400.420.4408 0.8 corresponds very well with the solubility of bis- 
Depinibyn muth in tin at the temperature of heat treatment. 
A SIMS sensitivity factor Spi/sn = (Ipi/Cpi)/ 
FIG. 1.--Depth distribution of bismuth (Isp/Csp) can thus be calculated from this NDP 
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implanted at 30 keV into silicon, as atom ratio and the SIMS intensities measured in 
determined by SIMS (oxygen ion bombard- the homogeneous layer, and we find SBi/Sn = 

ment at 14.5 keV). Inset: correspond- 2.9 x 10-2 from these calculations. Finally, by 
ing profile as measured by NDP. using this SIMS sensitivity factor, the initial 


portion of the SIMS depth profile can be corrected 
to yield an apparent concentration ratio axis, as shown in figure 4. 

This example demonstrates some of the potential for synergistic interaction of neutron 
profiling with the more commonly available methods of depth profiling. Although at least 
initially the NDP technique is limited in application to the five elements of adequate 
sensitivity, refinement of the charged particle spectrometry to include coincidence count- 
ing may extend the method to additional systems. 
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NDP Alpha Spectrum of Bi-Sn Layer 
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APPLICATIONS OF A COMBINED DIRECT IMAGING LASER IONIZATION-SECONDARY IONIZATION MASS 
SPECTROMETER TO MATERIALS ANALYSIS 


B. K. Furman and C. A. Evans, Jr. 


Two mass spectrometric techniques are at present employed for trace analysis and the micro- 
scopic analysis of materials. The now classical technique of secondary ion mass spectrom- 
etry (SIMS), as exemplified by the ion microprobe! or ion microscope,* is capable of pro- 
ducing trace element characterization with depth profiling resolutions of a few tens to a 
few hundreds of Angstroms over several microns in depth, and of producing lateral elemental 
distributions with either probe or microscope imaging techniques. Details of the SIMS 
technique have been described elsewhere.? 

The other mass spectrometric technique, which is currently being developed for trace 
element analysis, is the laser microprobe,* commercially available as the so-called LAMMA 
by Leybold-Heraeus or the LIMA from Cambridge Mass Spectrometers. In this technique, the 
sample is irradiated by photons from a Q-switched Nd-YAG laser. Once the area to be ana- 
lyzed is found, typically in a biological material or individual particulates on a surface, 
the laser pulse is struck and causes instantaneous vaporization and ionization of the bon- 
barded micrometer-sized area. Since the ions are produced within 10-20 ns, they can be ef- 
ficiently collected and analyzed with a time-of-flight (TOF) mass spectrometer. The ions 
are accelerated to a constant kinetic energy by the imposed electrostatic voltage. Since 
Erinal = mv2/2, the ions separate in time according to their mass, as the velocity of 
the lighter ions is greater than that of the heavier ions. After time dispersion in the 
time-of-flight mass spectrometer, the ions are detected by specialized ion detection which 
records ion intensity as a function of time and so produces the time-of-flight mass spec- 
trum. The LAMMA instrument operates only in the transmission mode of excitation; applica- 
tions include three specific sample types: (1) dispersion of particles on a transparent sub- 
strate, such as a copper grid; (2) thin sections of biological materials; and (3) thin sec- 
-tions of geological materials. The recently introduced laser ionization mass analyzer 
(LIMA) from Cambridge Consultants> has been operated in a front-side illumination or reflec- 
tion mode and has been shown to produce and analyze ions from the front surface of the 
material. 

The two techniques discussed above, high-performance secondary ion mass spectrometry 
and laser ionization mass spectrometry, have advantages and limitations. The advantage of 
the SIMS techniques are numerous and include the ability to provide high-quality depth pro- 
files, as well as rapid lateral imaging with a good quantitative capability if standards are 
available. However, it is limited in its ability to detect organic species as distributed 
on the surface of the material, and is unsuited to the performance of a survey analysis of 
a microvolume of material. 

The authors have demonstrated® that combination of a laser source for ion formation 
with a CAMECA IMS-3f Ion Microanalyzer for ion microscopy can provide a direct-imaging las- 
er mass analysis (DILMA) and have successfully produced the first ion images resulting from 
photon irradiation of various materials. This paper presents data obtained by simultaneous 
use of ion and photon bombardment for selected application of material analysis. In addi- 
tion, results obtained with the cw laser source for in situ laser processing are also 
presented. 


The authors were both associated with Charles Evans § Associates, Suite 120, 1670 South 
Amphlett Boulevard, San Mateo, Calif. (BKF is at present with IBM Corp., Poughkeepsie, N.Y.) 
They are grateful to A. F. Findeis for the initial suggestions that led to this research, 
and to the San Francisco Laser Center (University of California at Berkeley and Stanford 
University) supported by NSF grant CHE-79-16250. Partial financial support of this research 
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Expertmental 


Figure 1 shows a diagram of the instrumentation used for these experiments. A CAMECA 
IMS-3f Ion Microanalyzer was the "ion optical bench'' for the instrumentation. Two very dif- 
ferent lasers were utilized as laser sources: a Nd-YAG pulsed laser and an Art cw laser 
(Table 1). 
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FIG. 1.--Schematic drawing of CAMECA IMS-3f Ion Microanalyzer with laser. 


TABLE 1.--Laser sources. 


Type ND-YAG Art 
Manufacturer Quanta-Ray Lexel 

Model DCR-1A 95 

Mode Pulsed ~100-200 ns non-Q-switched CW 

Beam Focused toroid Focused spot 
Energy <60 mJoules/pulse <4 Watts 

Power Density (W/CM*) <108 <10® 

dX (NM) 530 514 (multiline) 


The appropriate laser beam was focused by a lens with a focal length of about 1 m to a 
spot size about 1 mm in diameter. The beam was introduced into the CAMECA IMS-3f through a 
high-purity quartz window and irradiated the sample surface at about 45° incidence. This 
configuration allowed the laser beam to strike the sample surface in the same area as the 
conventional ion beam. A CAMECA IMS-3f Ion Microanalyzer’ equipped with a General Ionex 
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Model 133 Cesium Ion Source was used for all analyses. Directly below the sample in the 
chamber is a recirculating He refrigerator with dual cryogenic panels. Sample chamber pres- 
sure was 1 x 1078 Torr. Although the chamber is bakeable to 120°C, no bake was performed 
prior to analysis. 

Mounted directly adjacent to the chamber, a Molytek quadrupole-type (SM800A) residual 
gas analyzer (RGA) was used to monitor and identify vacuum contaminants prior to analysis. 
Samples were prepared from <100> Si ion implanted with hydrogen, carbon, nitrogen, and oxy- 
gen.! Implantation conditions were: (1) !H, 35 keV, 1.0 x 10!© atoms-cm™*; (2) !2C, 65 keV, 
1.0 x 1025 atoms-cm72; (3) !®0, 85 keV, 1.0 x 101° atoms-cm-2; (4) !4N, 75 keV, 2.0 x 1015 
atoms-cm~@, 

Another sample of silicon was ion implanted with boron, phosphorus and arsenic. Implan- 
tation conditions were: (1) !1B, 80 keV, 3.0 x 10/4 atoms-cm-2; (2) 3!P, 80 keV, 3.0 x 10!* 
atoms-cm-; (3) 7°As, 270 keV, 3.0 x 10!* atoms-cm-2. 

Samples were profiled by use of Cs+ ion bombardment, with simultaneous monitoring of the 
ncedcively charged ions of *H, 12c- and 42SiN- or 11p- 3lp- and 75As~, Nitrogen was moni- 
tored as *8si!4N molecular ion at 42 amu due to the absence of !4*N-.% Typical sputtering 
rates were 15 A-sec"!, 

Laser heating was accomplished by 514nm irradiation from the multiline output of a Lexel 
Ar* ion laser (Model 95) operating at 2 W as recorded on the laser. 


Results and Dtscusston 


The intent of this study was to employ the ion imaging and mass spectrometric capabili- 
ties of the CAMECA IMS-3f Ion Microanalyzer with laser heating and excitation for materials 
analysis. Laser irradiation was used both for ionization of surface contamination and for 
in situ laser annealing. 

When the Nd-YAG pulsed laser was used, it was operated in the non-Q-switch mode so as 
to maintain a low power density to prevent damage to the optical window into the vacuum 
system, Therefore, most of the species acquired from the surface of the material were 
those that could be obtained in the desorption rather than the explosive detonation mode. 
These species included Li, Na, K, Ca, Rb, and Cs in the positive spectroscopy mode and H, 

C, 0, and the molecular species CO in the negative spectrum. Halogens such as F and Cl were 
also observed when present. Ion images were obtained from the particles as surface contami- 
nation present on the surface of an Si wafer and from the surface of bulk NBS standard 
glasses which were highly insulating. These last results were the most astounding since we 
found that no charging problems were associated with the production of ions from the surface 
of these bulk glass material. The species found to be emitted were thought to be surface 
contamination either in the form of adsorbed layers or particulates rather than actual con- 
sumption of the bulk glass material. Similar results were obtained with the cw argon laser, 
in which laser irradiation only produced ion images of surface contamination (Na, K) on 
Silicon devices. In addition to the unique analytical applications of laser excitation 
combined with direct imaging mass spectrometry, we found that the laser provided an unique 
capability for actual processing of the material in the sample chamber of the ion 
microanalyzer. 

The effects of the gaseous (inactive) impurities (hydrogen, carbon, nitrogen, and oxy- 
gen) on the physical and electrical properties of silicon have long been a topic of active 
research, Perhaps the most widely studies of these impurities is oxygen. ® Oxygen and car- 
bon are perhaps the most abundant impurities unintentionally incorporated in Czochralski 
(Cz) grown silicon. To obtain true three-dimensional impurity distributions, secondary 
ion mass spectrometry is the superior method of analysis.? Negative secondary ion yields 
of hydrogen, carbon, and oxygen in silicon are extremely high when Cs* ion bombardment is 
used, and the ultimate detection limits should be 10!5 atoms-cm7? with Cs/SIMS. Unfor- 
tunately, high background intensities greatly increase these detection limits. Elements 
such as hydrogen, carbon, nitrogen, and oxygen are present as vacuum contaminants even at 
high vacuum. Adsorption on the surface of the silicon produces a high background count 
rate that can overwhelm intrinsic levels present in the silicon matrix. Previously the 
use of Cs/SIMS with extremely fast sputtering rates (about 100 A/s) has been shown to re- 
duce background levels of carbon and oxygen. 

In many analyses one cannot sputter at these rapid rates due to the loss in depth reso- 
lution, especially for shallow ion-implanted samples or multi-element profiles. To alle- 
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FIG. 2.--In-depth distribution of oxygen ion FIG. 3.--In-depth distribution of carbon ion 
implanted into FZ silicon with and without implanted into Cz silicon with and without 
laser heating. laser heating. 
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viate this problem the authors have investigated sample heating by laser irradiation to re- 
duce the sticking coefficient of residual vacuum contamination, especially Hj0 at elevated 
temperatures. 

Figure 2 shows a depth profile for a 70keV, 1 x 10!5 atom-cm7? oxygen implant into float- 
zone Si. The first part of the profile represents the oxygen distribution without laser 
heating. After a background level of 2 x 1018 atoms-cm-9 was established at this particu- 
lar sputtering rate, the Ar ion laser was turned on. Almost immediately the background lev- 
el decreases and stabilizes after 60 s at 4 x 10!” atoms-cm-?. If the laser is then turned 
off,the background level slowly returns to its original level. The cooling process takes 
about twice as long as heating. This result can be explained by the thermal isolation of 
the sample in a 10-® Torr vacuum. In the second profile the laser was turned on 60 s prior 
to the analysis and remained on during profiling. No redistribution of oxygen is observed; 
background levels are an order of magnitude lower than without the laser. In this mode, a 
much slower sputtering rate can yield background levels previously obtainable only with 
rapid sputtering. 

Figure 3 shows a depth profile of the carbon distribution in the multi-element implant 
sample with and without laser heating. Very little difference in the background carbon 
level is observed, as expected from the residual gas analysis results. Since very little 
carbon contamination is present in the residual vacuum, laser heating plays a minor role in 
background reduction. In vacuum systems with conventional diffusion pumps, carbon levels 
would probably show a greater reduction with laser heating. 

Hydrogen also showed reduction from desorption of Hj,0 as well as very fast redistribu- 
tion in the silicon. Results of this finding are reported elsewhere.! 

Using laser heating the authors also observed in situ laser annealing of dopants in sil- 
icon. In the past SIMS has been used to study redistribution of dopants after laser anneal- 
ing. Figure 4 illustrates the effect of laser annealing on the boron distribution in sili- 
con. It appears that the boron is driven deeper into the material with simultaneous SIMS 
laser annealing. When the laser is turned off,the boron ceases to diffuse and the level 
drops. A similar effect is observed in Fig. 5 for arsenic. 


Summary 


The combination of laser irradiation with the specialized ion optics necessary to pro- 
vide high-performance secondary ion mass spectrometry provides a new, unique analytical 
capability and allows for rapid study of materials-related phenomena. As reported previ- 
ously, we were able to provide a new analytical capability in performing ion microscopy 
using laser desorption for ion formation; and this study demonstrated thermal processing 
of materials with laser irradiation prior to or simultaneous with the SIMS analysis pro- 
viding the heat input. 
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QUANTITATIVE ION MICROSCOPY OF SOFT BIOLOGICAL TISSUES 


W. C. Harris Jr. and G. H. Morrison 


Since secondary ion mass spectrometry (SIMS) was first applied to biological samples by 
Galle, Blaise, and Slodzian,’ the technique has been used to determine elemental distri- 
butions in a variety of tissue types.*’* These analyses have utilized both the depth 
profiling mode of SIMS, to determine distributions with depth; and the imaging mode, 

to provide information on the lateral distribution of elements within the field of 

view. Methods for quantitative depth profile analysis of hard tissue samples have been 
successfully developed and applied, yet quantitative SIMS analysis of soft tissue sam- 
ples is still far from routine, particularly in the imaging mode, which is the most 
frequently used mode of analysis of soft biological tissue by SIMS. 

Quantitative analysis of ion images is accomplished by application of a quantita- 
tive correction procedure to each point of the image. The most popular approach to this 
problem has been to use the local thermodynamic equilibrium (LTE) model to correct ion 
image to concentration. This model has been shown to be capable of providing concentra- 
tions accurate to within a factor of two in most cases. Owing to the degree of un- 
certainty in the calculated concentrations, we decided to employ a relative sensitivity 
factor approach based on empirical standards made from gelatin or agar. The empirical 
standard approach to quantitation has been demonstrated to be superior to the use of 
semitheoretical models provided the standard matrix closely matches that of the unknown. 

Gelatin was proposed as a calibration standard for SIMS analysis of biological 
tissue by Bellhorn* and subsequently a good deal of work has been done to validate and 
optimize these standards.°’® To apply this procedure to the ion image requires an in- 
ternal standard at each pixel to which the ion intensity of the element to be determined 
can be referenced, so that one can correct for any local variations in ion yield (such as 
topographic effects). Soft biological tissue is commonly embedded in plastic and cut 
into thin sections for SIMS analysis to provide a planar surface with good conductivity. 
Carbon was chosen as an internal standard element since carbon from the plastic embedding 
material is present throughout the tissue at approximately the same concentration. Cali- 
bration lines were then generated with carbon as the internal standard to provide the 
relative sensitivity factors used to convert the ion image to concentration. 

Quantitation of the ion image is made possible by computerized image processing, 
Images are acquired and digitized directly from the fluorescent screen of the ion micro- 
scope (CAMECA IMS-3f) by use of the MIDAS system developed in our laboratory.’ This 
system uses a variable-gain, low-light-level TV camera interfaced to a 12 bit/pixel, 

256 < 256 frame buffer to acquire digitized images. The useful field of view of an image 
can be varied in diameter from 400 to 50 um with the ion optics of the 3f. A zoom lens 
on the low-light-level TV camera allows further magnification of the image while pre- 
serving the lum spatial resolution of the 3f image. Single-frame image acquisition time 
is 1/30 s; however, the image can be integrated over any time interval, up to saturation 
of the frame buffer, for increased sensitivity. The use of this system allows images of 
the elements to be determined and of a suitable internal standard element to be rapidly 
acquired and stored from the area of interest before significant destruction of the 
sample by the primary beam occurs. 

The first step in obtaining a quantitative concentration map is to convert the raw 
image intensities into ion intensities at every pixel. This step is rapidly performed 
with the use of a calibration equation obtained by the recording of a series of images of 
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homogeneous standards at various intensities and the recording of the ion intensity of the 
image by the electron multiplier detector. Doing this over a range of TV camera and 
channelplate gain settingsresults in an equation that relates ion intensity to the image 
intensity at each pixel as a function of the gain settings. 

The ion intensity images of the element to be determined and the internal standard 
element are then registered relative to each other. Once this step is accomplished, the 
image of the element of interest is divided by that of the internal standard to produce 
an intensity ratio at each pixel. As mentioned previously, this procedure compensates 
for any local variations that affect all elemental ion yields equally, such as topographic 
effects. It also helps correct for preferential sputtering of different features within 
the field of view, on the assumption that ion yield ratios are independent of sputter 
rate--which may not necessarily be true, but is a first approximation. 

The intensity ratio at each pixel is then finally converted to concentration by 
application of the relative sensitivity factors derived from the calibration lines. The 
final concentration map can then be displayed in several ways: contour plots, 3-D plots 
where the z axis is concentration, a reconstructed black and white image with intensity 
proportional to concentration, or in pseudocolor (in which each concentration is assigned 
a color on a continuous color scale). 

These concentration maps of elemental distribution within the tissue provide an extra 
dimension that qualitative assessment of ion images does not, as well as correcting for 
SIMS artifacts that can distort the ion intensity image so that it does not reflect ele- 
mental concentration accurately. SIMS ppm detection limits allow determination of trace 
elements in the biological matrix as well as major components, and labeling of organic 
compounds present in the tissue with metal atoms can also be employed for quantitative 
study of their distributions. Combined with other data such as light micrographs or 
electron-probe x-ray images, detailed information on the sample can be obtained. 
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THEORETICAL MATRIX SENSITIVITY FACTORS FOR SPUTTERED IONS FROM LOW-ALLOY STEELS 


Z. Jurela 


Theoretical matrix sensitivity factors of constituent elements in low-alloy steels have 
been determined by means of the nonequilibrium surface ionization (NESI) for positive and 
negative sputtered ions. It is the ratio of the degree of ionization of the examined con- 
stituent atoms to that of the matrix element atoms. 

SIMS technique has become more inviting for the quantitative chemical analysis of var- 
ious alloys, minerals, and organic and inorganic compounds. Until recently the model of 
plasma in local thermal equilibrium (LTE) on the surface was used exclusively.!~° In re- 
cent years the thermodynamic model of the nonequilibrium surface ionization (NESI) has been 
developed and applied.®*’ It offers a good agreement between theoretical and experimental 
results for ALCAN aluminum, ferro-niobium and basalt rock.’ Basic principles for the ap- 
plication of the nonequilibrium surface ionization model to all kinds of samples, and par- 
ticularly to low-alloy stéels, have been presented previously.® The greatest problem for 
the application of the SIMS technique is in changeability of the matrix sensitivity factors 
of various constituents, depending on experimental conditions. 

The aim of this study is the determination of the theoretical matrix sensitivity fac- 
tors of various constituents in alloys and compounds, and the analysis of the influence of 
experimental conditions on the change of TMSF values. 


Applteatton of the Nonequtltbrium Surface Iontzation Model 


Starting from general equations for the degree of ionization of oa, and a_ sputtered 
atom of the NESI model in previous papers, we obtain the equations for the degree of ion- 
ization of alloy or compound i-constituent: 


. = (P,/0,) expts0a0[¢,., + (2/24) - 1, ]1/T,.3 (1) 


Qa. 
1 


for positive ions and 


Qa. 
1 


(Q",/Q",) exp{s040(A, - $,,,)/T, 9} | (2) 


for negative ions,’»® where QP;, Q",, and Qj are the partition functions of sputtered pos- 
itive and negative ions and neutral atoms, respectively; bexp is the work function of bom- 
barded surface obtained experimentally for the corresponding experimental conditions; 2/rj 
is the correction of the ionization potential in electron volts for rj, the radius of the 
i-constituent atom, in Angstroms; I; is the ionization potential of the i-constituent in 
electron volts; A; is the electron affinity of the i-constituent; and TK | is the mean 
temperature of sputtering centers during ejection of sputtered particles from the bombarded 
surface. 

In this TMSF calculations, the Corliss values? have been used for the partition func- 
tions ea and Q#;; for Q";, as before, QV, = Q4741> where Z is the atomic number of the 
element.° The work function $.,, of the bombarded surface should be determined during the 
experiment. In a number of cases the tabular values of the work function for a clean sur- 
face can be used. These are the cases in which the samples are bombarded by inert gas ions 
and the residual pressure of the reactive gases (carbon, nitrogen, oxygen, etc.) is low 
enough to prevent formation of carbides, nitrides, oxides, or other compounds of impurities 
on the spot. We know that bombarding the targets by inert gas ions forms solid solutions, 
and implanted atoms of inert gases do not change the work function of the bombarded surface, 
the same as in the case of self-sputtering. 
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If the sample is bombarded by ions of reactive elements, the compounds of some consti- 
uents are formed on the spot. Different constituents have different affinities toward the 
composition of such compounds; some elements (noble metals) form no compounds. Therefore, 
bombarding samples by ions of reactive elements changes the structure and chemical composi- 
tion at the spot. It also causes other changes in physico-chemical and thermal properties 
of the spot. The essential changes which occur on the spot, and which crucially influence 
the emission of sputtered ions of some constituents, are: (i) change in the work function, 
(ii) nonuniform sputtering of some constituents and their compounds, and (iii) increase of 
the T,;, temperature owing to the increased specific energy disipation of the incident ions 
and lower thermal conductivity of the generated compounds. These three reasons cause the 
greatest changes in the emission of sputtered ions. The worst thing is that these changes 
cannot be brought under control, so that the results differ each time the experiment is re- 
peated. Even slight changes in the degree of coverage on the spot cause considerable 
changes in the emission of sputtered ions. Consequently, it is all the same whether the 
target is bombarded by ions of reactive elements, or whether the reactive elements are in 
the chamber as gases and the sample is bombarded Dy: ions of inert gases. 

The correction of the ionization potential AI = -2/r, has been eeteutet ce by means of 
the Slater radii;!° for the electron affinity the fanebe eet and Zollweg!? values have 
been used. The temperature T,. of the sputtering centers has been determined from experi- 
mental measurements of the secondary ion paciee made by Storms, Brown, and Stein.!? For 
steel and low-alloy steels Tse = 2500°K.8 

As all the values in Eqs. (1) and (2) have been determined, it is possible to calcu- 
late at, and a; for every constituent. The obtained values are presented in Tables 1 and 
2. Consider first the values for positive ions presented in Table 1, in which a*; values 
are presented in column 6. It is evident that a*; values cover a wide range, from 0.12 for 
aluminum to 8.95 x 107!5 for nitrogen. The values for the transition elements range 
from 1072 to 1075; the lowest are for ene nonmetallic elements (S, P, C, O, and N), =rom 
10-3 to 10-19, For the matrix element, a*p, = 7.70 x 107 ; |ton/atom|:. If we divide a*; 
values by a* Fe» we obtain the theoretical Matrix sensitivity factor (TMSF) values for con- 
stituents in the observed low-alloy steels. As TMSF for the matrix element is 1.00, TMSF 
values for other constituents range from 1.16 x 10° 10 for N to 1560 for Al. Constituents 
with TMSF > 1 have the increased yield of secondary ions; for constituents with TMSF < l 
the yield of secondary ions in relation to its concentration c; in atoms \%| is decreased 
in inverse proportion to the TMSF value of that constituent. That is the reason some con- 
stituents can be easily detected even when their concentration in the examined sample is 
low, and some can be detected only with difficulty (or not at all) even when their concen- 
tration is relatively high. 

The a”; and TMSF values for negative ions are shown in Table 2. It is characteristic 
that a ; values for negative ions are much lower than for positive ions ; they range from 
9.94 x 107-1! for Mn to 2.10 x 107° for S. For the matrix element, a pe = 4.55 x 10-9, In 
addition, for all other constituents except Mn, V, and N a7; > a ge, which means that. the 
ratio a7;/o0 pe = TMSF > 1. Nonmetals and amphoteric elements have the highest TMSF values 
in the cases examined (4615 for S). For transition elements these values are lower; Mn is 
the lowest, for its atoms have negative electron affinity (A = -0.97). The values in 
Tables 1 and 2 show that it is obviously caste to detect nonmetallic elements as negative 
than as positive ions, by as much as 10+-10© Times. 


Conelustons 
From the above it follows that: 


a. For quantitative chemical analysis by SIMS it would be best if the examined samples 
would be bombarded by a primary ion beam of the sample matrix element. Then the original 
chemical composition of the samples under consideration would not be disturbed by ion bom- 
bardment, or such effects would be negligible. Second, physico-chemical and thermal proper- 
ties of the spot would be changed only slightly during bombardment. 

b. If condition (a) is not attainable, the next best approach would be bombardment of 
samples by an ion beam of inert gases. These gases are implanted in a lattice of the sam 
ple as solid solutions without changing the physico-chemical properties of the spot (work 
function, etc.). 

c. In order to obtain higher yields of secondary ions at energies of 5-100 keV, it is 
more convenient to use ions of heavy inert gases: argon, krypton, and particularly xenon. 
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TABLE 1.--Degree of ionization and 
matrix sensitivity factor constit- 
uent elements in low-alloy steels 
NBS no. 461-468 (positive ions). 


> ae 

4 8 cee 
ead > . a » s 
§ $3 > - ° 2 Lasen 
a §8 © a a e esste 
a #6 oy 7 A ag Face 
L 2 3 4 5 6 1 
B 5 8.296 2.353 1,633 8.51*107> 1.20 
c 6 12.256 2.857 4,089 3.68x10"° 4.78x10"> 
W 714.533.077.243 B.9sxi0t> =. 46x1972° 
0 8 13.614 3,333 5.971 4.010723 = 5, 29107? 
AL 13 5.984 1,600 0,074 1.20107? 1560 
Si 14 8.149 1,818 2,021 5.06x107> 0,657 
P 35 10,484 2.000 4,174 7,01"1079 9,10*107° 
S 16 10.357 2.000 4.047 3.081079 4.00*107° 
TL 22 6.82 1.428 1,082 2,21%1072 157 
vo 23 6.74 1,481 0,949 1.08x1077 140 
cr 24 6.764 1.428 1,026 5.68x10"> 76.4 
Mn 25 7.432 1.428 1.694 4.61x1074 5,99 
Fe 26 7.87 1.428 2,132 7.70«107° 1.00 
co 27 7.86 1.481 2.069 6.11x107> 0,794 
Ni 28 «= 7.633 2,481 1.842 6.951075 0, 903 
cu 29 7.724 1.481 1.933 5.28x107> 0.686 
Ge 32 7.88 1.600 1.970 6.10«107> 0.792 
As 33 9.812.739 3.761 = 3,42m207® = aa xn074 
gr 40 6.84 2.290 1.24 4.18x107> 54.3 
Nb 41 6.88 1.379 1,192 3.63x107° 47.2 
Mo 42 7.10 1.379 3,422 2.23%107° 16.0 
Ag 47 7.574 1,250 2.014 4.35*107° 0,565 
sn 50 7.342 1,379 1.653 2,81x10~4 3.63 
Ta «73 7.88 1.379 2.191 $.16*107> 0.669 
wo74 7.98 1.482 2.189 4.15*107> 0.539 
Pb 82 7.415 L.l1l 1.994 2.25x1074 1.62 
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TABLE 2.--Degree of ionization and 
matrix sensitivity factor constit- 
uent elements in low-alloy steels 
NBS no. 461-468 (negative ions). 


‘ak 
8 ss, 
& Ow 3 a Outen 
e #a 5 < a Shas 
ee: ‘ ¢ 38 Pre 
ia ae P Beune 
t 2 3 4 5 6 
B 5 0.28 4.03 1.161078 2.55 
c 6 2.268 3.042 3.171077 69.67 
N 1 “0,22 4.52 1.74107? 0.382 
0 8 1.462 2.848 1.21x107° 265.9 
Al 13 0.46 3.85 2.79x107° 6.13 
Bh 14 1,385 2.925 6,01x107? 132.1 
P 15 0.7464 3.5636 L320? 28.79 
s 16 2.0772 2.2328 2.20x107° 4615 
Ti 22 0.2 4..t 8.31"1079 1.83 
v 23 0.5 3.82 4.53«107° 0.996 
cra 0.66 3.65 2,69x1078 5.92 
vn 25 -0.97 5.28 9,94x107 12 2.18107? 
Fe 26 0.14 4.17 4.55x1079 1.00 
Co 27 0.? 3.61 4.88x1079 10.72 
Ni 28 1.15 3.16 3.34x107° 7.34 
cu 29 1.226 3.084 2.53"1077 55.60 
Ge 32 t.2 3.11 3.211077 70.55 
Aa 33 0.8 3.5% 1637x1077 30.11 
zr 40 0.8 3.83 1,50x1078 3.30 
Nb 41 1.0 3.32 7.271078 15.98 
Mo 42 1.0 3.31 8.54x1077 187.7 
Ag a7 1.303 3,007 a.33x107? 95,16 
sn 50 b.25 3.06 “6,06*207” 133.2 
Ta 73 0.6 3.72 2.41x1078 5.30 
w 74 0.6 3.71 2.87%1079 4.11 
Pb 82 Ll 3.21 9.08x1077 199.6 


d. The smaller the incident angle of the primary ion beam to the bombarded surface, 
the more uniform the sputtering of the successive layers of the sample. 
mation of grooves on the spot, the sample must be rotated during bombardment rotates 
around an axis through the center of the spot. 

e. The emission of secondary ions is not a stationary process. 
nonequilibrium process. 


To avoid the for- 


It is a thermodynamic 


Stable emision of secondary ions is reached only after prolonged 


bombardment, beginning when, owing to radiation damage, the sample becomes amorphous along 
the whole depth of penetration of the primary ion beam. Only then does the rate of expan- 
sion of the amorphous structure in the spot depth equal the rate of sputtering of surface 
layers. Until this state is reached there is intense migration toward the surface of the 
atoms of the constituents whose melting temperature is low. At the beginning of bombard- 
ment they leave the surface as an avalanche (especially the atoms of alkaline elements). 
In contrast, atoms of hard-melting constituents are sputtered slower than atoms of the ma- 
trix element, which results in the increase of their concentration in surface layers. Con- 
sequently, after prolonged bombardment the chemical composition of surface layers on the 
spot is changed. 
f. We may conclude that experimental values of MSF will vary less from experiment to 
experiment if the conditions at the spot during bombardment are cleaner. 
large discrepancies between the experimental values of MSF and TMSF, it means that the ex- 
perimental conditions are not good enough. 


If there are 
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4 
Optical Microprobe Spectroscopy 


MICROSPECTROPHOTOMETERS FOR SMALL-SAMPLE ANALYSIS 
H. H. Hausdorff and V. J. Coates 


Computerized microspectrophotometers for obtaining spectra in seconds or minutes of small 
samples or spots down to 1-20 um in size in the ultraviolet, visible, and infrared spectral 
regions are discussed. Typical applications including microsample identification and im- 
proved sampling techniques that increase sensistivity and reduce scattering are shown. 


Introductton 


As in forensic investigations, the production of research laboratory in industry is of- 
ten called upon to identify or match smail particles to solve major production problems. 
In many cases these objects or sample areas are too small to be subjected to conventional 
absorption spectrophotometric analysis. Standard microsampling attachments are only opera- 
tive down to 0.5-1 mm sample size. A series of computerized microspectrophotometers devel- 
oped by Nanometrics, Inc., have limitations in sample size dictated by wavelength only and 
offer the additional advantage that the particle or sample area can be viewed for precise 
positioning of target area from which the spectrum is to be obtained. 


UV-VIS-NIR Microspectrophotometers 


In historical order, the first of the systems developed was a microspectrophotometer 
for the spectral region from 220 to 900 nm. (ultraviolet and visible).* The spectrophoto- 
meter head or holographic grating monochromator can be fitted on to the camera port of any 
trinocular microscope. Spectral measurements are posate te in transmission (absorption) , 
reflectance, polarization, and fluorescence modes. Particles as small as 1 um can be 
analyzed. The complete system (NanoSpec!M/10s) with microprocessor-computer and X-Y re- 
corder is shown in Fig. 1. 

This microspectrophotometer has been widely used in the forensic laboratory for fiber, 
paint-chip, and ink matching,® but also in other laboratories of industries such as micro- 
electronics, fiber manufacturing, printing, photographic film, television tubes (phosphors), 
medical research, metallurgy,’ and others. 

Figure 2 shows spectral differences obtained with red, blue, yellow, and black fibers 
in the absorbance mode. Figure 3 relates to a recent rape-murder case in Long Island where 
the only piece of evidence was a lin. red fiber 25 um in diameter, found on one of the 
suspect's socks that could be linked to the carpet on the scene of the crime. The spectrum 
of the suspect's fiber is the lower curve with the most absorption peaks. This spectrum 
was completely different from those of other red fibers found in the apartment, which the 
suspect claimed he might have picked up in the closet, since he had visited the victim pre- 
viously. The carpet fiber match was also confirmed by infrared microspectrophotometry 
which indicated that the polyester base was also the same. A thin-layer chromatography 
separation showed that more than one dye was used on this fiber that resulted in more than 
a usual number of peaks in the visible spectrum. 

A software option has recently been added to the NanoSpec!/40-S microspectrophotometer 
for direct printout of tristimulus values and chromacity coordinates, which simplifies cat- 
aloging of data and search from spectral libraries. 

There is a sister version of this instrument in which the microprocessor computer is 
the same but its monochromator has a wavelength range from 400 to 2700 nm and therefore 
covers the visible and near-infrared spectral regions. This instrument (NanoSpec!M/10-NIR) 
provides small-particle information for organic constituents such as films on metals. It 
is also used for crystal studies and special applications for measuring near-infrared trans- 
mittance of small objects such as light transmitting fibers, etc. 


The authors are with Nanometrics, Inc., 239 Danbury Road, Wilton, CT 06897. 
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The Infrared Microspectrophotometer 


One of the most recent developments with very significant impact on the field of micro- 
analysis is the NanoSpec!M/20-IR, which operates in the standard infrared range from 2.5 
to 14.5 um (4000-690 cm™!). Figure 4 shows this system with its more elaborate computer, 
X-Y recorder on top, and the combined microscope-spectrophotometer unit to the left. Or- 
dinary microscopes cannot be used in this case because of transmission limitations of mi- 
croscope optics in the infrared. The combination of a sophisticated optical design, high- 
speed high-sensitivity Hg Cd Te detector, and a transmission-efficient circular variable 
filter have made it possible to obtain spectra of good quality of small samples down to 
20 um in minutes. (Details have been described previous ly. 3) 

The major applications for this instrument have been in a variety of industries such 
as microelectronics ,?~° connectors, photovoltaic systems, plastics, rubber, textiles, pa- 
per, coal research, pharmaceuticals, pollution, medical, etc., but also in special fields 
such as gemstone analysis for the grading of precious stones and the differentiation be- 
tween naturals and synthetics. 

Forensic applications® for this instrument are again very obvious; the example shown 
in Fig. 5 also relates to the criminal case mentioned earlier for the analysis of the fi- 
ber dye by means of the visible microspectrophotometer. In the infrared region none of 
the other fibers matched the carpet fiber either. The latter was identified as polyethy- 
lene terephthalate and was identical to the spectrum of the suspect's fiber. 

The most common application of the infrared microspectrophotometer is the analysis of 
spots, blemishes, or particles down to 20 um in size that are problem contaminants for 
which the source or origin has to be traced by identification or spectrum matching. An- 
other significant application is very small area measurement in larger samples for homo- 
geneity analysis qualitatively and quantitatively. The quantitative set-up and quantita- 
tive measurement modes of the NanoSpec/20-IR are particularly useful in this case since 
they allow the operator to set up his own quantitative analysis with his own parameter 
selection and standards using either a single or dual wavelength (ratio) mode. A baseline 
method is used by the computer for which the operator selects two reference wavelengths 
for each measurement wavelength. This procedure makes it possible to measure thicknesses 
of films or concentration of components on or in a substrate. 


Accessories 


Figure 6 shows a standard sample holder in the microposition of the NanoSpec/20-IR. 
These anodized metal plates of microscope slide format are provided with 1, 6, or 13mm 
holes for holding the sample directly or when placed on an infrared transmitting window. 

A heatable window holder with controller power supply has been developed (Fig. 7) which 
is probably the most useful accessory for difficult powders or samples that have poor trans- 
mission characteristics because of light scattering resulting from nonhomogeneous agglome- 
rates. With this accessory the operator can melt the sample by dialing into the controller 
the melting point of the substance or if the latter is unknown, by bringing up the temper- 
ature gradually. The spectroscopist then has the option of running the sample in liquid 
form (droplet) or to let the sample recrystallize, in which case usually clear single 
crystal zones can be found as suitable target areas. Figure 8 shows the transmission of 
a 40um agglomerate of O-phenyl-phenol (lower curve) which transmits only about 10%. The 
upper curve with an average transmittance of over 90% was obtained after the substance was 
melted on the heated window and run as a clear liquid. 

A similar gain in transmittance can be noticed for the same sample after it had cooled 
and crystallized to offer a choice of several clear areas. As expected, there are some 
minor differences between the spectra of the sample in liquid and crystal form. That 
could be useful for orientation studies by means of an infrared polarizer. 


Coneluston 


Microspectrophotometers with which one can obtain good spectra from samples or areas 
much smaller than can be examined by conventional spectrophotometers with microsampling 
attachments considerably enlarge the applications horizon in microanalysis. The sample- 
handling aspects are greatly simplified, low noise level and fast spectra can be obtained 
without time-consuming accumulation. Quantitative measurements can be made in very small 
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adjacent sample areas for homogeneity analysis. Forensic applications for microspectro- 
photometers are obvious. Similarily, production control laboratories in all major indus- 
trial fields stand to benefit from these new investigative tools for identifying very small 
samples and tracing them to their origin for corrective action. 


References 


1. M. W. Berns and V. J. Coates, "A new and simple approach to quantitative micro- 
spectrofluorimetry ," J. Cell Btol. 70: 179a, 1976. 

2. V. J. Coates, "Advances in microspectrophotometry," Pittsburgh Conference on 
Analytical Chemistry and Spectroscopy, 1978. 

3. J. N. Ramsey and H. H. Hausdorff, "Applications of small-area infrared analysis 
to semiconductor processing problems ,"" Microbeam Analysts--1981, 91-95. 

4. D. J. Zaring and V. J. Coates, "Small area measurement of multiple film thickness, 
dopant concentrations and impurity levels using a new infrared microspectrophotometer," 
Optteal Characterization Techniques for Semiconductor Technology, SPIE vol. 276, 1981, 
257; 

5. R. M. Scott and J. N. Ramsey, 
"Applications of microinfrared to se- 
miconductor processing problems," 
Pittsburgh Conf. Anal. Chem. and 
spectroscopy, 1982. 

6. H. H. Hausdorff and V. J. 
Coates, "Computerized microspectro- 
photometers for forensic applications, 
tbid. 

7. P. N. Quested and K. W. Raine, 
"Phase identification by interference 
film microscopy," Metals & Materials, 
October 1981. 


FIG. 7.--Heated sample stage for 
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DEVELOPMENT AND USE OF A COMBINED BEAM CONDENSER MICROSCOPE FOR FT-IR SPECTROSCOPY 
J. W. Brasch, R. J. Jakobsen, and C. J. Riggle 


It is imperative in our spectroscopic studies of materials under high pressures to corre- 
late spectral changes with any physical changes in the samples. Visual observation of the 
sample is therefore a most important consideration. We are also interested in spectral ef- 
fects immediately before phase transitions and of metastable sample conditions, which re- 
quires obtaining spectral data and making visual observations without moving the high pres- 
sure cell. For these reasons, considerable effort has gone into the design and construction 
of a combined visual microscope/beam condenser accessory compatible with our Digilab Fourier 
transform infrared spectrometer systems. 

The resultant accessory is very convenient to use, meets all the requirements, and pro- 
vides exceptional data, even though it was constructed with available components and at 
minimal expense, and is optically very poorly matched to the spectrometer optics. It has 
proved to be generally useful in obtaining infrared spectra of small samples, and the abil- 
ity to observe the exact area examined is highly desirable. 

The system design is based on the principles of the Perkin-Elmer infrared microscope of 
the early 1950s and has similarities to the present Nanospec design. Beck 15x reflecting 
lenses are used for condenser and collector; the latter also serve as the microscope objec- 
tive. Mirror flip directs light from the sample plane to a conventional microscope or to 
the spectrometer detector. An iris diaphram serves as a limiting aperture and permits iso- 
lation of areas as small as 100 um. Figure 1 shows photomicrographs of a calibrated scale, 
in focus at the sample position, with the aperture set at about 500 um and set at about 120 
um. Figure 2 is a photomicrograph of three fibers from a textile sample said to be 100% 
acrylic. The aperture was used to isolate one fiber at a time; spectra showed that two of 
the fibers were acrylic polymers and the third was a polyester. These techniques have been 
used advantageously in environmental sample analysis, corrosion studies, and in studying 
blood-polymer surface interactions. 


FIG. 1.--Photomicrographs of calibrated FIG. 2.--Photomicrograph of 


scale at sample position with aperture set three fibers from textile sam- 
at 500 and at 120 um. ple. Separate infrared spectra 


were obtained of these fibers. 


The authors are at Battelle Columbus Division, 505 King Avenue, Columbus, OH 43201. 
Partial support is acknowledged from AFOSR. 
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APPLICATIONS OF MICROINFRARED TO SEMICONDUCTOR PROCESSING PROBLEMS 
R. M. Scott and J. N. Ramsey 


In the semiconductor industry, with its numerous physical/chemical process steps, which 
ultimately result in a highly dense electronic package, small-area contamination is an im- 
portant concern. The presence of trace process residues, the reaction or incompatibility 
of materials, and the contamination from handling and transferring on a microscale can af- 
fect the cleanliness and yield of the processed parts. Small-area analytical techniques 
such as microprobe, SEM, Auger, electron diffraction in TEM, x-ray diffraction, SIMS, and 
MOLE have been successfully applied to inorganic analysis. -Mass spectroscopy, plasma chro- 
matography/mass spectroscopy, ESCA, NMR, MOLE, conventional infrared, and FTIR have been 
successfully applied to organic analysis. However, small amorphous or organic particles 
and some thin films are generally difficult to.analyze. The NanoSpec!M/20- IR has been dis- 
cussed previous ly.! This instrument provides a molecular analysis in regions as small as 
20 x 20 um, and is therefore complementary to all the above techniques. This paper re- 
views the instrument and includes several examples of solutions to practical problems in 
microelectronics, as practiced today. 

The NanoSpec’” /20IR, a computerized in- 


frared microspectrophotometer, is a combi- i le ean aas 


~e—-——— DETECTOR TARGET 
(LIQ N, COOLED H,C,T.) 


nation of an all reflecting microscope and 
infrared spectrophotometer which allows 

one to locate, view, and analyze areas 

near 20 x 20 um (150x). The optical sys- 
tem (Fig. 1) consists of a Nernst glower 
focused by a lens through a cell compart- 
ment to a beam chopper. The frequency 
scanning is achieved by computer-controlled 
rotation of a circular variable filter. 

The adjustment of the objective (above) and 
condenser (below) the rotatable X-Y micro- 
scope stage optimizes the transmission 
through a sample. A variable aperture and 
a monocular with graduated reticule defines 
the sample area of interest. The infrared 
radiation then passes through the aperture 
to a highly sensitive liquid-nitrogen- 
cooled mercury cadmium telluride photo- 
detector. The electronic gain is set auto- 
matically by the microprocessor computer. 


ice DETECTOR CONDENSER (10x) 


TILTED VARIABLE 
EPIECE TRANSFER <i———-~-—_ RECTANGULAR APERTURE 
{30x) LENS 


ow 
{ i 4 Es OBJECTIVE LENS (15x) 


5 -—- 
a a ROTATABLE X-Y STAGE 
AM, MERROR 
TC) —— conmensen 2s 150 
I 
an 
wenascen || 
POSITION iii 
LL 
t BEAM CHOPPER 
1 
VARIABLE FILTER —=-(S—31) Yee 
S38 tt [7s NERNST 
—o- 4 |/—+—— = Stowe 
Ma, MIRROR 11 TV, 


SOURCE 
CELL HOLDER LENS (15%) 


BiGe 1 


An A/D converter averages and digitizes the de- 


tector signal each 2 cm”! over the range of 4000-690 cm™! (2.5-14.5 um). The microproces- 
sor computer with CRT, X-Y plotter, tape printer, and optional dual floppy disk allows a 
large variety of operating modes and manipulation of the data. The microscope is a trans- 
mission system and so the particle or film of interest must be IR transparent, as must also 
be the supporting material (as it is with silicon wafers). Particles or films on non-IR 
transparent supporting material must be removed and placed on a proper material, such as 


BaFo crystals. 


There are two basic building blocks in microelectronics: the silicon integrated cir- 
cuit and the package through which this circuitry communicates to the outside world. Each 
has its own set of critical dimensions that can be altered by a contamination particle or 


by a thin residual layer. 


The authors are with IBM Corp., East Fishkill Facility, Hopewell Junction, NY 12533. 


Stltcon Chip and Chtp Jotning 


IBM uses a flip-chip mode of joining to a substrate, with Pb/Sn solder pads (the con- 
trolled collapse chip connector, or C-4). At present all 121 C-4 pads on a chip are bound- 
ed simultaneously with use of a flux containing abietic acid, among other things. It is 
desirable to clean off the residual flux after joining. The in-situ analysis of small 
areas/thin films of flux is not an easy task. UV fluorescence gives a broad, fairly non- 
descript spectrum; Raman (MOLE) is unsuccessful because of fluorescence; and SEM/EMP gives 
only carbon. Figure 2 shows the IR spectrum of a residue in which the C-H and CO are typ- 
ical of an organic acid. In this particular case, the thin film (visible only with UV 
light source) was washed to the edge of the substrate with methylene chloride and then re- 
moved with a diamond tip probe. 

Another example consisted of a deposit (shown in top left corner of Fig. 3). This was 
thought to be a residue from the double-sided tape used when dicing the wafer into chips. 
However, the residue was found to be a natural polyol rather than the suspected poly 
isobutylene-styrene copolymer. 

SiO, used for insulating thin films, has been discussed previous ly ,* at which time the 
question "Does SiO really exist?" was addressed. At that time, ESCA and Raman users said 
"SiO is unique," and cathodoluminescence and wavelength-dispersive x-ray analysts said, 
"SiO is a mixture of Si0) and Si." The discussion at the time revolved around the number 
of repeating molecular patterns of amorphous material required to be interpretable by var- 
ious analytical techniques. Figure 4 shows IR spectra from 50 x 50 um regions of 550nm 
SiO, film and two SiO films, 200 nm and 500 nm thick. (The 200 nm etched faster than nor- 
mal SiO films.) Because Raman and IR are analyzing the same vibrational levels, one would 
expect IR also to "'see'' SiO as being different than SiO), and that is borne out. In addi- 
tion, there are differences in the shapes of the curves for the two SiO films. Work is 
continuing in the use of this small-area characterization technique to relate it to prop- 
erty differences. 

The right-hand side of Fig. 4 shows the individual absorption locations for silicon 
nitride, silicon dioxide, and phosphosilicate glass,! and for SiO. Thus, all the insulat- 
ing layers commonly used on silicon devices an be unequivocally analyzed in areas of 50 x 
50 um. This will be a powerful complementary technique in failure analysis. 


St Ept Thickness 


The layer of silicon grown epitaxially on the wafer is of vital importance to the in- 
dustry, because, in general, all the circuitry is built in/on it. Characterization of uni- 
formity and thickness are done by rather large area techniques, by MAS standards, e.g., 
usually around 1/4 in. in diameter.? Thus, we are always looking for analytical techniques 
applicable to smaller areas, comparable to the sizes of our regions of interest. Figure 5 
shows both transmission and reflection interference patterns obtained from the analysis of 
the epitaxial layer, which is on a heavily doped arsenic subcollector, which is in turn on 
P~ silicon. The unfocused reflection spectrum, which was obtained with a single-reflection 
attachment, is shown as an inverted comparison to the focused beam (50 x 50um) transmission 
spectrum. The results from the transmission spectra (1.56 ym) agreed favorably with the 
larger area conventional infrared (1.60um) analysis. 


The Package 


Masks are used as a means of delineating a pattern of metallic paste being squeezed 
through the mask. Cleanliness is important to provide the high level of uniformity re- 
quired in the process. Figure 6 shows a white mouse-shaped contamination. The material 
is a natural product such as cotton, which is thought to have come from the twill-jean 
cloth used to wipe the masks. The spectrum was obtained in situ through the 125um circu- 
lar hole. 

A long uniform filament was found near a chip site which had to be removed and put on 
a BaF> disk. Figure 7 shows the IR spectrum, with CO stretch at 1270 and 1100 cm™! (with 
sharp aromatic absorption and para substitution at 730 cm™!) to be polyethylene terphth- 
late polymer (Dacron) from laboratory gloves. 

Black, partially melted, particles were found on modules in plastic boxes after 
transport/storage from a brazing operation. Figure 8 shows the spectrum of the particle 
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(polyethylene) and a confirming spectrum polyethylene sheet. 

The next example is fluorescent hemispherical particles, which had partially melted 
and rounded after having been deposited. Figure 9 shows the particles to be a polyamide 
(nylon): Amide I (1640 cm!) and Amide II (1540 cm-!) are shown. (Natural polyamides such 
as skin flakes show broader bands for C-N and C-H absorptions through 300 to 2850 cm™!.) 
The melting point of 265°C allows isolation of the point in the process at which the con- 
tamination occurred. The source of the nylon was difficult to assess because the shape 
was altered by melting; however, it is either shreds from clothing or from nylon gears in 
an adjacent stirrer. 


Coneluston 


The NanoSpec!™/20-IR allows analysis of a wide range of organic and inorganic films 
and particles, both in situ (if transparency is possible) and with removal to BaF» disks 
for IR transmission; complementary techniques are also possible with one form factor or 
the other. 

The coordination of the microinfrared analysis with manufacturing engineering staff 
made elimination of these contaminations during the device and substrate processes possi- 
ble. This is a good example of the increased process control possible with small area 
analysis capability. 
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MICRO SAMPLE IDENTIFICATION WITH FTIR SPECTROSCOPY 
H. J. Humecki and R. Z. Muggli 


The need to characterize very small solid and liquid organic samples has always existed. 
Techniques such as electron microprobe analysis or x-ray diffraction are useful for the 
analysis of inorganic compounds because of the variety of elements present in various sam- 
ples and the good database. Raman analysis is very useful for small amounts of both or- 
ganic and inorganic materials, but the limited database is a distinct disadvantage.! How- 
ever, with organic compounds, elemental analysis is of limited value and the x-ray diffrac- 
tion database for solid organic compounds is very small. These techniques are of very 
limited analytical use with liquid samples. 

Recent computer advances have led to the fourier transform infrared (FTIR) instruments 
now in common use. In addition to being more rapid than dispersing instruments, they have 
detection limits that are markedly reduced. With many samples, contaminants present at 
low levels can be separated and concentrated for microanalysis, especially with special 
particle handling techniques. Contaminants in samples such as injectables, inclusions in 
polymers, or organic pigments and dyes on works of art are often too small for analysis 
with standard infrared techniques. Small samples of filled plastics are often impossible 
to analyze directly because the filler restricts the transmission of the infrared energy. 

With the development of sophisticated FTIR instruments with more sensitive detectors, 
a new plateau has been reached, but special handling techniques are needed to take full 
advantage of the new technology. 


Instrumentatton 


A Digilab FTS-20C equipped with a mercury-cadmium-telluride detector was used to pro- 
duce most of the spectra. The beam condenser used was a refractive Beckman 6X model with 
NaCi lenses. The sample and aperture holder are described below and shown in Fig. 1. A 
capillary brush utilized for the pyrolysis techniques is also described below and can be 
seen in Fig. 2. The sample handling tools, microscopes, etc. are described in The Par- 
ticle Atlas.? 


Sample~handlitng Techniques 


When only a minute sample exists, one must attempt to get as much of the sample in the 
analyzing beam as possible. Small transparent chips or flakes can be transferred to a 
salt plate directly. Using a stereomicroscope with both reflected and transmitted light 
capability and tungsten needles sharpened to points of 5 um or less, one can pick up sam- 
ples less than 200 um in size and deposit them at a small, prescribed location. Normally, 
electrostatic forces are sufficient to hold the particle in position even if the salt win- 
dow is inverted. If there is concern that the particle may move, it can be glued to the 
surface by the application of a small drop of very dilute collodion solution.2 The re- 
sulting layer of collodion is so thin that its spectrum will not be registered with that 
of the sample. 

The sample should fill as much of the analytical aperture as possible to maximize the 
signal-to-noise ratio. This goal can be accomplished if several apertures of different 
diameters are available and the largest one consistent with the sample size is selected. 
We have designed and built a holder for the sample and aperture. It consists of a disk 
with a lmm hole in the center to which a salt window or chip is taped or glued. After the 


The authors are at W. C. McCrone Associates, Inc., 2820 South Michigan Avenue, Chicago, 
IL 60616. They wish to thank Jim Gerakaris for the graphics, Fran Einbinder for the typ- 
ing, and Mark Andersen for helfpul discussions during the preparation of this manuscript. 
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FIG. 1.--Sample holder and mounted 
apertures. 
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FIG. 3.--Infrared spectrum of polymer mixture; 
1400um aperture, 1024 scans. 
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FIG. 4.--Infrared spectrum of polymer mixture; 
100um aperture, 1024 scans. 
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sample is in place, a preselected aperture, mounted on a ring, is lowered over the parti- 
cle. It is positioned by means of three set screws, all at 12 to 50x magnification with 

a stereoscope using transmitted light. The mounted sample is placed in the beam condenser, 
which focuses the beam to a spot size of about 3 mm. Spectra of samples down to 25 um can 
be obtained with this technique. 

Polymer samples containing pigments and fillers can be pyrolyzed in a capillary tube 
to separate the organic species from the inorganic fillers. Borosilicate capillaries of 
0.2 to 0.5 mm ID and 3 to 6 cm long are used. A short length of borosilicate glass wool 
is twisted and inserted into the tube while it is observed under a microscope. The glass 
wool is fused to the inside by gentle playing of the flame of a hobbyist minitorch near, 
but not at, the end of the tube. The glass wool is trimmed to form a brush (Fig. 2). A 
drop of ethylene dichloride is applied to the opposite end of the tube and the brush end 
is touched to an absorbent surface to draw out the solvent. This cleaning operation re- 
duces background contamination. 

A few sample particles are pushed into the open end of the capillary tube with a tungs- 
ten needle or wire to a depth of 2 to 4 mm. The tube end is sealed with a torch and the 
flame is played gently over the area containing the sample until sample pyrolysis is com- 
plete. When the heated end has cooled, it is broken off and a drop of solvent is applied 
while the capillary is held in a horizontal position. The capillary is brought into po- 
sition over the salt plate and tipped so that the liquid washes over the pyrolysis con- 
densate and flows into the brush. The brush is touched lightly to the salt plate. As the 
solvent evaporates, the brush confines the liquid to an area less than 200 um in diameter 
by capillary action. 

The capillary-brush technique can be used for depositing any liquid in a restricted 
area. To restrict spreading of the liquid or to minimize the production of interference 
fringes in the spectra, a pinhole well is sometimes made in a salt plate. The well is 
made by gently twisting a tungsten needle into a salt window. The needle must have a 
stout point, not the fine delicate point used for small particle handling. Typicaily a 
hole with a depth of up to 50 um is produced. The powdered salt from the piercing opera- 
tion is pushed back into the hole and tapped down, and the liquid sample or solution is 
then deposited from the brush in the powder filled well. Scattering of the energy by the 
powdered salt is not a problem because the powder is wetted by the liquid to produce a 
transparent or almost transparent sample site. 


Results and Discusston 


Transparent or translucent samples as small as 25 um have been analyzed in 5 to 6 min 
(instrument time) with good spectral integrity. The three spectra of a polymer, a 
polystyrene-polyester mixture (Figs. 3, 4, and 5), illustrate this point. Some of the 
weaker bands are not very well differentiated from the background in the spectrum produced 
with the 25um aperture. However, additional signal averaging further enhances this spec- 
trum. These data show a reduction in sample area requirements by a factor of four over 
that reported by Cournoyer et al.3 Also, the sample and aperture holder described here 
facilitate the handling of the diminutive samples. The minimum sample size has yet to be 
determined. It varies to some extent, because of sample absorption characteristics and 
spectral requirements in each specific case. For most samples it is not more than 25 um 
and often less. 

Filled polymer samples are best analyzed by the pyrolysis technique proposed by Harms, 
but as reported "sample may vary from 2 grams to a few hundred milligrams."" With more 
sensitive spectrometers and careful techniques the usual pyrolysis still requires a few 
hundreds or tens of milligrams of sample. The brush technique was used to produce the 
spectrum shown in Fig. 6 from a few micrograms of a carbon black filled polymer with the 
FTS-20C spectrometer, a TGS detector, and only 128 scans. The utility of the technique is 
apparent in the quality of the spectrum. 


4 


ConeLluston 


We have outlined two techniques that yield analytically usable spectra from samples 
with infrared spectroscopy. Use of the tools described eases the difficulty of manipu- 
lating minute samples. It has been shown that samples as small as and probably smaller 
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than 25 pum in diameter are of adequate size for analysis. 
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FIG. 5.--Infrared spectrum of polymer mixture; 
25um aperture, 1024 scans. 
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FIG. 6.-Infrared spectrum of pyrozate, TGS 
detector, 128 scans ("brush" technique). 
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MICROSPECTROSCOPY 
Tomas Hirschfeld 


The boom in electron and ion microbeam methods, with its overwhelming proliferation of new 
methods (and acronyms) and eager exploitation of every available technological advance, has 
tended to obscure the very wide usage of the corresponding optical methods. The present 
review of optical microprobe techniques includes UV-VIS absorption techniques, fluorescence 
microspectroscopy, Raman measurements, and other microprobes such as the infrared ones, 
scatter, and the various partially optical methods. Also discussed are technological ad- 
vances that may have an impact on these fields. The natural place of microspectroscopy is 


shown to be as a higher-discrimination, lower-resolution companion of electron and ion beam 
microprobes. 


Microspectroscopy from the Electron/Ion Beam Probe Viewpoint 


How would you like to have your microprobe run with 0.003kV beam voltage, 1A beam cur- 
rent, 3500A resolution, and energy discrimination of 0.0001 eV? These are the normal cap- 
abilities of microprobes based on optical beams. A more detailed examination of this tech- 
nology is clearly in order. 


The unique attributes of optical microspectroscopy can be briefly described as follows 
(Table 1): 


TABLE 1.--Optical microbeam methods. 


dicorptisn piuekeseene Raman sbeonneisi Scattering 

Resolution ~/3500K 135002 ~/3500A ~10um \3500A 
Detection Limits 

Size n2500K “100A “500A sum ~100R 

Concentration 10-100ppm Tppb >1000ppm >1000ppm Tppm 

Quantity 10-17g 10-21g 10-13, 10-12 10-19 
Universality with reagents no almost yes no 
Qualitation 

Recognition with reagents often yes yes rarely 

Identification no often yes yes no 
Quantitation 1% 1% 2h 1% 2% 


The author is with the Chemistry Department of the Lawrence Livermore National Labora- 
tory (L-325), Livermore, CA 94550. 
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1. Low energy. The energies involved in optical photon beams range from 0.1 to 6 
eV/photon and involve the lowest-energy radiation whose with a large enough wavelength to 
allow reasonable microscopic resolution. At these energies, sample alteration has low 
probabilities even if the beam is strongly absorbed by the material. 

2. Htgh source brightness. Photons are neutral and thus have no space charge. More- 
over, they can be amplified coherently, which leads to the enormous brightness of the laser 
(1014 W/cm, routine for small commercial lasers, is equivalent to about a 1014 A/cm2 
source). This feature permits us to exploit the low-damage efficiency of photons to bring 
illumination intensities right up to the sample's thermal limit. 

3. Better defined interactton mechantsms. Since the energy in the photons is delib- 
erately made comparable to the energy involved in the transitions to be observed, the be- 
havior of the beam's energy during interaction is quite simple, with a very restricted 
number of well-separable mechanisms operating at any one time. This orderliness is made 
more valuable by the quite detailed understanding of these mechanisms available in optical 
spectroscopy. As a result, very detailed interpretation of the data provided by each of 
these separate interaction mechanisms can be made. The high energy resolution of all forms 
of optical spectroscopy (AE/E = 107% or better, even at these low energies) is quite help- 
ful here. 

4. Multtplictty of observable parameters. A beam of light is characterized not only 
by its intensity and energy, but also by polarization, phase, even ellipticity, all of 
which can be separately determined. Furthermore, the low energy of the transitions allows 
some longer-lived phenomena to occur, so that much useful characterization can be done in 
the time domain as well. Beyond that, the intensities attainable in optical technology are 
large enough so that many nonlinear phenomena occur that add to the discrimination power 
provided by the normal absorption, scatter, refraction, diffraction, reemission, etc. 

5. Htghly developed technology. As befits their long history, optical techniques are 
quite mature. Among normal accomplishments are detection of radiation at over 50% photon 
counting efficiency over more than 103 parallel channels simultaneously, AE/E discrimina- 
tion to below 1077; time discrimination to 1072 s, and measurement of a given radiated 
energy in the presence of another 10!4 times stronger at the same location and direction. 
Even the main drawback of optical microbeams, their 10* or more times longer wavelength, 
is partially mitigated by the superiority of “optical optics" over their electron/ion beam 
counterparts, so that resolutions better than 1 um can be nevertheless reached. And it can 
all be done in air, under water, or at selected points deep ztmside transparent samples! 


Altogether, if optics were now being discovered by electron/ion beam microprobes users, 
they would be hailed as a godsend. And they are, despite having been around for a long 
time. 


Classtcal UV-VIS Absorption Microspectroscopy 


The technique of defining a single spot in the field of view of a microscope by means 
of a diaphragm and using that as a spectrometer source to obtain the spectrum of a micro- 
scopic object goes back to the 19th century. It is no different from a beam microprobe, 
since it is not the beam itself that is used but the spot at the end of the beam. Whether 
a spot on the sample is defined by the incoming illumination beam or by the fact that only 
one spot is being observed is a somewhat artificial distinction, one that was further 
weakened as microscopists realized the photometric accuracy advantages of using equivalent 
diaphragms on the illumination--a process that becomes intrinsic if laser illumination is 
used, 

The technique was coupled in the 1930s with photoelectric readouts and soon extended 
into the UV spectral range down to 200 nm. It was used not only to measure the detailed 
spectrum of a point but also (at a specific wavelength) as a routine tool of quantitative 
microscopy. As data processing technology advanced, integration of specific sample areas 
was eventually supplemented by contour measurements, shape descriptor calculation, texture 
measurements, and statistical analysis of the reconstructed image. 

The great strength of all these methods derives precisely from what one might think is 
their weakness: most substances do not strongly absorb visible light (indeed, that is why 
it is visible). To yield strong signals, most samples must have chemical dyes added to 
them. And the selectivity of this dye binding process, carefully enhanced by centuries of 
selection of ever more discrimination dyes, is a cornerstone of optical microscopy. The 
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sensitivity of this process to minute structural, environmental, accessivity, or steric 
hindrance effects at all kinds of binding sites is not the whole story. Many dyes can be 
used in combinations and differentiated in parallel by their respective colors, either to 
enhance contrast or to furnish even finer discrimination by the comparison of their rela- 
tive strength. In some cases, the dye itself shows color changes that further describe the 
sample. The selectivity of such processes has been pushed to their ultimate limits by the 
use of enzymatic or immunochemical reactions, either to generate the dyes at a specific 
target or to bind them at it. 

Since these dyes are individual small molecules and can be detected at quite low levels, 
they can often penetrate complex structures without disturbance and require no complex chem- 
ical amplification or marking techniques for detectability. The number of commercially 
available reagents for these purposes is in the thousands. 

Absorption methods, particularly when intensively absorbing reagents are available, 
are reasonably sensitive. As little as 0.3% absorption at a given location is detectable 
with contrast enhancement software, which may correspond to as little as 107~* M concentra- 
tion of sample (100 ppm), or about 10227 g in a sample spot whose minimum diameter is 2500- 
5000 & and whose depth is about 1000 A. 


Fluorescence Mtcrospectroscopy 


From a spectroscopist's point of view fluorescence has much to recommend it over ab- 
sorption and has grown more popular. If we measure not the absorbed radiation, but the 
fraction of it that the sample reemits, the absence of a signal gives us a dark background 
rather than a lighted one. The lower shot noise of a dark background benefits the detec- 
tion limit, which can be as much as 1000 times lower in fluorescence. To be sure, the 
average signal levels are lower, but with modern detectors (and especially when laser 
sources are used) they are nearly always high enough so as not to become limiting. Also, 
although fluorescence is even rarer than absorption, the additional effort of finding a 
suitable dye is usually offset by lower background and scattering interference and the much 
higher contrast. But the main benefit of fluorescence is the complexity of the phenomena, 
which involve a number of interactions large enough to provide abundant data without be- 
coming so complex that they cannot all be separated at will. 

In common with absorption, fluorescence is characterized by a specific wavelength and 
intensity, as well as a polarization sensitivity. Beyond that it can be characterized by 
an emission lifetime, an emission wavelength and polarization (both of which may vary along 
the lifetime), and an emission efficiency. All of them can in turn depend on the illumina- 
tion wavelength and polarization. 

This characterization is above and beyond the discrimination ability already provided 
by the use of dyes and can be used to enhance it further by observation of the detailed 
interactions of the dye with the various features of the sample. It can also be used for 
distinguishing features of the samples that coexist in a single spatial-resolution element, 
or to enhance the distinguishability of dye from background or of several simultaneously 
used dyes from each other. 

The above potential is compounded by the parailel phenomenon of phosphorescence, in 
which a part of the reemission is long delayed by an intramolecular quantum-mechanical rear- 
rangement. All the additional variables observable in fluorescence are again repeated as 
further data points in phosphorescence, with the additional feature that one may observe 
the cross correlation of all these magnitudes between fluorescence and phosphorescence. 

The richness of fluorescence microspectroscopy is even greater with powerful sources 
such as lasers, capable of saturating the fluorescence phenomenon in either the exposure 
or the intensity domains. Measurements of a single fluorescent species (natural or dye 
reagent) furnish up to 32 independent parameters (each of them quantitatively measurable) 
to describe the sample. 

Fluorescent microspectroscopy is capable of detecting ppb concentrations in volumes of 
less than 1 um?, samples down to a few thousand molecules are observed routinely. With 
laser illumination and special reagents, single-molecule detection has been demonstrated. 


"Quast-mtcrobeam" Methods 


The choice between microbeam methods and imaging is somewhat different in the optical 
domain from what it is in electron/ion beam techniques. Low damage rates in samples, ample 
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available power, high-efficiency imaging detectors and low lens aberrations combine to make 
whole-image processing an effective competitor. Moreover, the technology often blurs the 
boundary between microbeam methods and imaging. For example, in flow photometric tech- 
niques, a continuous stream of suspended sample particulates (or a thin sample layer af- 
fixed to a moving support) is scanned past a beam focus to provide a histogram of the pho- 
tometric characteristics of individual sample points. This technique, which uses a line 
instead of a point beam focus, can also provide a shape in one dimension, or in two or 
three if two detector arrays at right angles to each other and to the illumination are used 
in fluorescence. The ability of the beam to propagate in a gas or liquid medium is also 
useful. 

Devices that use stationary beams and a scanning sample give considerably less infor- 
mation about structured samples than imaging methods do, but they accumulate information 
incomparably faster. With several laser beams intersecting the sample stream in succession, 
and with a multiplicity of dyes giving off signals to an array of detectors sensitive to 
different polarizations and wavelengths at different angles, many channels of accurate 
quantitative information can be obtained for an individual particle or sample spot in a 
few microseconds. 

Flow photometers have been used to measure samples at rates of 3 to 10° discrete par- 
ticles a second, with quantitative accuracies exceeding 1% and sensitivities down to a few 
tens of molecules in up to eight channels simultaneously. They are an ideal solution for 
describing distributions and statistics or detecting rare events, when the average informa- 
tion on the bulk sample is insufficient and extremely detailed information on each particle 
or spot is not required. 


Raman Microprobes 


The exquisite selectivity of absorption and fluorescent spectroscopy is bought at a 
cost: the use of reagents. For absorption, these reagents provide needed added selectiv- 
ity; for fluorescence, they provide the needed generality. In both cases, they must be 
developed in the first place, the sample must be permeable to them, and a specific reagent 
must be selected to provide detection, quantitation, and sometimes additional characteri- 
zation of a given target. 

This technique thus does not address the qualitative analysis problem except through 
yes/no answers on specific questions; one must have a good idea of what one is looking for. 
Since the number of reagents usable in parallel is limited, so is the number of questions; 
one is led to guessing and incomplete answers if the sample is too complex. 

What is clearly needed is a universal spectroscopic technique that would be capable of 
blind identification of an unknown, require no reagents or sample modification, and allow 
direct quantitation of the sample as well. For elemental analysis of compounds simple 
enough to be totally defined by their elemental composition, such a technique is available 
for electron/ion beam probes via characteristic x-ray emission, or in optical spectroscopy 
by laser vaporization of a spot followed by optical emission spectroscopy (sometimes too 
drastic a procedure). 

For detailed molecular composition and structure, this approach is not enough. Being 
told that a sample contains C, 0, and N (and we can suspect H) hardly tells us which or- 
ganic we are looking at. Here the existence of the Raman phenomenon comes in handy. Ra- 
man scattering of light is an extraordinarily inefficient process in which a fraction of 
the scattered light undergoes wavelength changes whose spectrum is characteristic of the 
vibrations of the molecule. This process generates a complex pattern whose recognition 
(often left to a computer) against a library of reference spectra uniquely identifies the 
compound. If the compound is not in the database, the particular features of the spectrum 
are indicative of selected molecular subgroups, so that a good deal of the structure in- 
volved can be inferred. 

Near ideal as that sounds, Raman signals are extraordinarily weak and are difficult to 
detect not only against instrumentation noise but against even very weak fluorescences in 
the sample. The existing Raman microprobe devices are thus compelled to work at the very 
edge of the state of the art. In fact, it is the application of such a superior Raman 
technology to fluorescent observation that made single-molecule detection possible. 

Nevertheless, the sample illumination, sample survival, signal detection, and back- 
ground rejection problems of Raman microprobes have been solved, and the technique is 
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rapidly maturing into a general microprobe procedure whose use is essential if molecular 
structure or complex composition must be determined. Depending on the specific instrumen- 
tation, the resolution of the instrument can be from 0.5 to 3 um, with measurement times 
per point ranging from 1s to 10 min. Concentration lower limits of 0.1-1% must be com- 
bined with a low quantity threshold of 10-!3 g, 


Other Techntques 


Infrared (IR) spectroscopy, which operates at much longer wavelengths, provides a 
spectrum of the molecular vibrations in much the same way as does Raman. However, it is 
a far more efficient process, and the amount of energy that must reach the sample to give 
an observable spectrum is much lower--just as well, since IR sources (including lasers, 
not employed so far) are less bright. On the other hand, less light makes the job harder 
on the detector, which in the IR version is less sensitive, anyway. 

Until recently, a further drawback was the unavailability of multiple IR detector ar- 
rays, so that scans were required for a single-point measurement. The use of Fourier 
transform methods has allowed much more rapid measurements (partially wasted in optical 
design mismatches). Forthcoming IR detector arrays may make fast measurements of entire 
images possible in ombination with Fourier methods, but that will prove to be a definite 
strain on the computers and data-handling (and output) procedures used at present. 

At lower resolutions (about 10-20 um) with similar concentration sensitivities of 
0.1-1%, 10-!2g sensitivities, and measurement times of a few seconds per spot, IR methods 
give the same benefits as Raman ones. When the lowered resolution is tolerable, their 
higher speed, less sample damage, and indifference to sample fluorescence makes IR 
techniques preferable. 

Scattering spectroscopy is another type of optical microspectroscopy, which can give 
us information about sample features far smaller than the beam's resolving power. From 
measurements of the angular and polarization distribution of scattered light, the mean and 
even the distribution of scattering center size and symmetry can be calculated. For micro- 
particulate samples capable of Brownian motion in the surrounding medium, the resulting 
Signal fluctuations can provide information on the hydrodynamic radius, symmetry, and ab- 
solute scattering power of the Pore reuretes: The technique can detect single particles 
down to 60 A in size, about 10719 g, even against the background of molecular scatter by 
the solvent. The method can measure symmetry and size to a few percent relative accuracy, 
although it degrades for nonresolvable polydisperse samples. 

Some hybrid techniques cannot be described as specifically optical microbeam methods, 
e.g., cathodoluminescence, in which an SEM beam excites optical fluorescence in a sample. 
Here the full benefit of using selective fluorescent reagent awaits the development of 
beam-resistant fluorescent reagents. Another pair of rather drastic techniques vaporizes 
a sample spot a few micrometers in size to provide a sample for either an ICP emission 
spectrometer or a mass spectrometer. The collateral effects of scanning a laser beam over 
the sample in order to excite photoelectron emission, photoacoustic effects, or variously 
detected thermal waves within the sample have also been used as a microbeam spectroscopic 
technique. The comparative evaluation of these techniques is not very far advanced. 


Whtther the State of the Art? 


In general microspectroscopic methods that use optics have a considerable edge in 
molecular composition and structural analysis, and a substantially lower resolution. They 
have fairly similar sensitivity for UV-VIS absorption, a very superior performance for 
fluorescence, and a lower one for Raman spectroscopy. Except for very low resolution re- 
quirements (where IR will do), the last is the technique of choice for general qualitation 
and structural analysis. 

Except for Raman spectroscopy (but there very significantly), the sensitivity and 
light gathering power of current instrumentation is ample. Improved array detectors, with 
still lower noise and higher dynamic range, can be expected to provide modest gains here. 
In the borderline between microbeam and imaging techniques, where imaging speed needs in- 
creasing, longer arrays are desirable. More powerful sources would be useful here, in IR 
work, and in flow cytometry. Improvements in optics, although coming up against the law 
of diminishing returns in principle, still will be significant to make "real world" per- 
formance approach the 'lucky days" one. The use of parallel rather than scanning imaging 
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and of flow techniques whenever possible is clearly dominant and will disturb the legiti- 
macy of microspectroscopy as a '"microbeam" technique (for those who care about such 
things). 

The crucial area in which further development is required is clearly resolution. At 
first, the prospect of resolutions better than a light wavelength does not seem encourag- 
ing. However, examples of optical discrimination of 1-10A distances exist. Two fluores- 
cent dyes, one of which emits at the wavelength that the other absorbs, are used in combi- 
nation. At normal concentrations, the two-step excitation of the second dye by illumination 
of the absorption band of the first, via two successive absorption-emission states, is neg- 
ligible. But if the two dyes get within about 60 R of one another, a very efficient 
quantum-mechanical tunneling process takes over and allows emission of one dye by excita- 
tion of the other. The effect varies as a high power of the distance and thus measures 
the mean distance between the two dyes. 

A more "conventional" form of increasing resolution is to slow down the speed of light 
to reduce the wavelength at a given frequency, either by an increase in the refractive in- 
dex of the medium, or more extensively (by factors of 10 and more) by substitution of the 
evanescent wave of total reflection for the normal propagating light wave. The sample is 
held against a high-index window within which the illuminating beam is totally reflected. 
The surface layer of the sample is then illuminated to a 300A depth by a special wave in 
which lateral resolutions of 600 A have already been demonstrated. 

As the state of the art in microspectroscopy progresses, the amount of data it produces 
will increase with both discrimination and resolution improvements. Substantial improve- 
ments in computer 1/0 rates, data storage capacity, processing rate, and display capability 
are urgently required. Yet even with the possibilities in this area from large disks and 
perhaps video storage, array processors, and high-power terminals, we shall still be in 
trouble. Unless we come up with some innovative data-processing schemes, we shall end by 
saturating the computer we were born with. 
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INELASTIC SCATTERING BY MOLECULES EMBEDDED IN OR AT THE SURFACE OF SMALL PARTICLES 
Milton Kerker 


The spectacular optical effects of microparticles such as the brilliant colors of sunsets 
or of "stained"! glass can be ascribed to so-called elastic scattering in which there is no 
wavelength shift. For inelastic scattering, of which fluorescence and the Raman effect are 
examples, there is excitation of electronic vibrational and rotational transitions at the 
incident wavelength and emission of light at some shifted wavelength. 

In several important areas of investigation inelastically scattering molecules are em- 
bedded within small particles; the most active are flow fluorimetry of biological cells, 
Raman *ticroprobe analysis of colloidal particles, and Lidar detection of fluorescent aero- 
sols, More recently, the interest in surface-enhanced Raman scattering has led to studies 
of this phenomenon when the Raman scattering molecules are attached to the surface of col- 
lodial particles. 

Some years ago we raised the following query regarding such experiments: How are in- 
elastic signals affected by embedment of active molecules within small particles? We have 
been able to show in such cases that, in addition to depending on the polarizability tensor, 
the signals also depend on the particle size, shape, and orientation; on the refractive in- 
dex of the particle; and on the spatial distribution of the active molecules within the 
particle. 

We have formulated a theoretical model in which the active molecules at each site with- 
in the particle are stimulated by the local electrical fields at that site and in turn the 
emitted radiation at the shifted frequency must propagate to the observation point from 
each particular site in the microparticle. This theory has been formulated for spheres, 
concentric spheres ,* cylinders ,? and spheroids ,* and numerous computed results have been 
obtained, 3-7 Many of the predicted features have been verified by experiments with fluo- 
rescently tagged polystyrene latex particles 8-11 

Anomalously intense Raman scattering was first observed for pyride adsorbed at a silver 
electrode that had been roughened by successive oxidation reduction cycles. The subsequent 
discovery that molecules adsorbed at the surface of silver colloids led us to extend the 
theory for inelastic scattering by molecules embedded within microparticles to the case 
where the molecules are outside the particles. This theory has been applied to spheres, !> 
spheroids ,!4* and spherical shells.!° 

Early experiments with silver hydrosols coated with a monolayer of citrate!® demon- 
strated that enhanced Raman signals of the order of 10° to 10© were obtained in agreement 
with the predictions of the theory. However, the wavelength dependence of SERS on the ex- 
citation wavelength differed from the theoretical predictions. More recent experiments 
have resolved this discrepancy and delineate the dependence of the SERS signals on particle 
size and morphology. 
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MORPHOLOGY -DEPENDENT RAMAN SPECTRA FROM MICROPARTICLES 
J. F. Owen, P. W. Barber, and R. K. Chang 


In Raman spectroscopy of bulk samples, the energy shift of each peak in a Raman spectrum 
can be uniquely ascribed to a specific molecular vibration and the intensity of each peak 

is linearly proportional to the concentration of the specific molecule and the Raman scat- 
tering cross section of the particular vibrational mode. However, for an ensemble of micro- 
particles, the use of Raman scattering as a diagnostic probe becomes significantly more com- 
plicated, Experiments indicate that the effective Raman scattering cross sections for 
molecules embedded in powder! and aerosols* can be increased by as much as a factor of ten 
from that in bulk. Theoretical formalism has been developed for a variety of microparticle 
shapes.?°* The purpose of this paper is to demonstrate that even more severe complications 
can arise in the analysis of Raman scattering from single or highly monodispersed micropar- 
ticles as a result of morphology-dependent resonances which occur in particles with well 
defined geometries, e.g., in spheres, cylinders, and spheroids. Such resonances can actu- 
ally give rise to sharp peaks in a Raman spectrum that are not present for a bulk sample of 
the same composition. Peaks can result from resonance-induced enhancement of the Raman em- 
ission or enhancement of a fluorescence background. The physical nature of these reson- 
ances will be illustrated in a calculation of the electric field distribution within an in- 
finite dielectric cylinder when illuminated by a plane wave at a resonance wavelength. 
Effects of such resonances on inelastic emission will be illustrated in fluorescence emis- 
sion spectra from a 10um-diameter silicate glass fiber coated with a thin layer of fluores- 
cent dye and Raman scattering spectra from a homogeneous 10um-diameter silicate glass fiber. 
Sharp peaks, not present in the fluorescence spectrum of the dye in bulk or in the normally 
broad and featureless Raman spectrum of silicate glass, appear in the fluorescence emission 
and Raman scattering spectra from the two fibers. Although our investigations have been 
restricted mainly to cylindrical geometry, similar effects are expected in other shapes 
(e.g., spheres? and spheroids®). If misinterpreted, resonance-induced peaks could lead to 
considerable confusion in the analysis of Raman spectra. 


Internal Fields 


Morphology-dependent resonances in microparticles were first observed experimentally in 
the optical levitation of liquid droplets.” Since optical levitation is related to elastic 
scattering, calculations based on the Lorenz-Mie formalism showed that the sharp decreases 
observed in the laser power which was necessary to Levitate the droplets for certain val- 
ues of size parameter x (x = 27a/X, where a is the radius) resulted from resonances in 
elastic scattering.® Similar resonances were predicted theoretically for inelastic scat- 
tering? and first observed experimentally in fluorescence emission from 10um-diameter dye- 
embedded polystyrene spheres suspended in water,° 

Insight into the physical nature of the morphology-dependent resonances in micropar- 
ticles can be gained by study of calculations of the electric-field distribution within a 
microparticle, Figure l(a) shows a calculation! of the internal field intensity 
[E(r,¢o)°E (r,¢)] in a plane perpendicular to the axis of an infinite, lossless dielectric 
cylinder which is illuminated by a plane wave polarized perpendicular to the fiber axis 
(TE polarization) and propagating in the direction shown. The relative index of the cylin- 
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FIG. 1.--(a) Internal TE electric field intensity (E-E*) for an infinitely long dielectric 
cylinder with a relative index (m = 1.530) and size parameter (x = 45.6) which do not sat- 
isfy resonance condition. (b) Same as (a) but for x = 45.726, which satisfies mode 53,3 
resonance condition. 
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der, m = 1.530 (m = n,/n,, where n, and n, are the indices of the particle and surrounding 
medium, respectively), and the size parameter, x = 45.6, corresponding to a diameter of ap- 
proximately 8.7 um at A = 600 nm, do not satisfy a resonance condition. The increase in 
intensity toward the forward portion of the cylinder results from focusing of the incident 
plane wave by the curved surface and the smaller series of ridges throughout the plane re- 
sult primarily from interference between the forward-traveling and backward-traveling waves 
reflected from the surface. When the radius or wavelength are changed slightly to satisfy 
a resonance condition, the field distribution changes dramatically. Figure 1(b) shows the 
case for x = 45.726. The central area is virtually unchanged, but three concentric rings 
of 106 large peaks now appear near the circumference. This resonance corresponds to mode 
number n = 53 (half the number of peaks around the circumference) and mode order 2 = 3 (the 
number of ridges in the radial direction), which we designate as mode 53,3. Physically, 
such resonances result from waves that travel close to the surface, internally reflected 

at the interface. Resonances occur at wavelengths for which a wave is in phase with itself 
upon circumnavigating the cylinder. 

The average field intensity in the outer 20% of the cylinder is approximately an order 
of magnitude larger for the on-resonance condition in Fig. 1(b) than for the off-resonance 
condition shown in Fig. l(a). The spatial distribution and intensity of fluorescence or 
Raman scattering generated within a particle is directly related to the internal field dis- 
tribution. For example, a molecule located in the outer 20% of this cylinder and re- 
emitting either fluorescence or Raman radiation would experience a factor of ten increase 
in the exciting electric field for an incident wavelength corresponding to x = 45.726, the 
resonance condition, compared with a wavelength corresponding to an off-resonance size par- 
ameter, assuming the same incident intensity for both wavelengths. Thus, peaks can occur 
in the excitation spectrum of a particle at wavelengths that satisfy resonance conditions. 
From reciprocity arguments, the efficiency with which re-radiation from a molecule within 
a particle can couple to the far field (i.e., the intensity at the detector) is also re- 
lated to the internal field distribution, but at the re-radiating wavelength. Consequently, 
enhancement of fluorescence or Raman emission is expected at emission wavelengths corres- 
ponding to resonance conditions. 


Fluorescence Emtsston 


Figure 2(a) shows two fluorescence emission spectra! } from a thin layer (~5 nm) of oxa- 
zine dye coated on a 9.8um-diameter glass fiber. For excitation of the dye, the fiber was 
illuminated normal to its axis with a beam from a Rhodamine 6G dye laser polarized normal 
to the fiber axis. Fluorescence radiation was collected normal to the fiber axis at 90° 
from the incident beam with an f/5.6 lens and imaged onto the entrance slit of a double 
monochromator equipped with a photomultiplier and photon counting electronics. An analy- 
zer in the collection optics passed radiation polarized normal to the fiber axis, allowing 
only TE resonances to be detected. Although the emission spectrum of oxazine in bulk is 
completely featureless in this region, sharp peaks occur in the two spectra at emission 
wavelengths which satisfy resonance conditions of the fiber. The excitation wavelength 
for the less intense spectrum of Fig. 2(a) was 615 nm, which does not correspond to a fiber 
resonance. However, for a pump wavelength of 616.95 nm, which corresponds to an & = 3 res- 
onance, the intensity of the entire spectrum is increased by almost a factor of 3. Thus, 
as expected from the internal field calculations, enhancement of fluorescence occurs for 
either emission or excitation wavelengths which satisfy resonance conditions of the fiber. 
Note that the internal field calculations in Fig. 1 indicate that an increase in intensity 
of an order of magnitude should occur for re-radiation of molecules on the surface of a 
cylinder for an incident wavelength corresponding to an % = 3 resonance. The fact that 
the intensity of the on-resonance spectrum is only three times that for the off-resonance 
case indicates that the fiber cannot support 2 = 3 resonances to the extent predicted for 
the "perfect" cylinder assumed in the calculation. 


Elastte Scattering 


Morphology-dependent resonances also give rise to peaks in elastic scattering spectra 
from microparticles.!2 Since elastic scattering calculations for spheres and cylinders 
are relatively straightforward and since experimental elastic scattering spectra can be ob- 
tained with the same apparatus used to obtain fluorescence or Raman spectra simply by 
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illuminating the microparticle with a broad- 
band source, it is useful to study resonances in 
elastic scattering for comparison with inelastic 
results. Figure 2{(b) shows an elastic scatter- 
ing spectrum obtained by blocking the laser 

used to excite fluorescence in the dye layer 
(Fig. 2a), illuminating the same portion of the 
fiber with broadband radiation from an incandes- 
cent lamp, and scanning the spectrometer over 
the same wavelength range. A calculated elastic 
scattering spectrum, where m and the fiber diam- 
eter d have been adjusted to obtain the best fit 
to the experimental results, is shown in Fig. 
2(c). Each resonance peak is labeled by n, 2&. 
Note that the 2 = 3 resonances are barely visible 
in the experimental elastic scattering spectrun, 
since the fiber cannot support these resonances 
completely; yet these resonances give rise to 
relatively large peaks in the fluorescence spec- 
tra. Elastic scattering is indicative of the 
far-field intensity, calculated from far-field 
scattering coefficients that never exceed unity.}3 
The far-field intensities never become particu- 
larly large even for resonance wavelengths. In- 
elastic emission is a function of the internal 
electric field, calculated from the internal- 
field coefficients which can be much larger than 
unity. The internal electric field intensities 
can become extremely large under resonance con- 
ditions. The lower the order 2 of a resonance, 
the narrower the linewidth and the larger the 
internal fields associated with the resonance, 
i.e., the higher the Q of the resonance. Because 
of the high Q, the low-order resonances tend to 
be dampened by imperfections of the microparticle 
(e.g., surface irregularity, irregularity in 
cross section, and absorbing species within the 
bulk or on the surface). The relatively small 
enhancement of fluorescence by 2 = 4 resonances 
in Fig. 2(a} is consistent with internal field 
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FIG, 2.--(a) Fluorescence emission from 
dye-coated 9.8ym-diameter glass fiber. 
Excitation wavelength was resonant with 
mode 59,3 for upper curve and off reso- 
nance for lower curve. (b) Experimental 
elastic scattering spectrum from the 
same fiber. (c) Calculated elastic 
scattering spectrum for infinite cylin- 
der with relative index m = 1.530 and 
diameter d = 9.833 um. 


calculations which show an increase in the local field intensity of only 50% for 2 = 4 


resonances. ll 


Raman Scattering 


Figure 3(a) shows the Raman spectrum from a 10 
curve), the Raman spectrum from a similar, 


.lum-diameter silicate glass fiber (solid 
although not identical, bulk glass sample (long 


dashed curve), and the Raman spectrum from a bulk sample of fused silica (short dashed 


curve)./* Pump radiation was coupled into the end 
lected normal to the fiber axis and imaged 
graph (Spex Tiplemate). 
Model 1420) at the spectrograph focal plane. 
only TE polarized radiation. 


of the fiber and Raman emission was col- 


onto the entrance slit of a three-stage spectro- 
Detection was accomplished with a linear photodiode array (PAR 

An analyzer in the collection optics passed 
The excitation wavelength in Fig. 3(a) is 488.0 nm. 


Although 


the broad features of the Raman spectra from the fiber and from the bulk glass are similar, 


additional sharp peaks occur in the fiber spectrum. 


When the incident wavelength is 


changed to 514.5 nm, the broad features of the Raman spectra remain unchanged in energy 
shift while the relative positions of the sharp structure are quite different, as shown in 


Fig. 4(a). 


This result could lead an experimentalist to believe that the sharp structure 


is associated with fluorescence superimposed on the Raman spectrum, since the sharp peaks 
are a function of the wavelength, whereas Raman features are constant in energy shift from 
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the excitation line. However, comparison with experimental and calculated elastic scatter- 
ing spectra over the same wavelength ranges, obtained in the manner described in the pre- 
vious section and shown in Figs. 3(b), 3(c}), 4(b), and 4(c), confirms the fact that these 
peaks are associated with resonances in the fiber. The resonances remain fixed in wave- 
length; the peaks which appear in the Raman spectra excited by 488.0 and 514.5nm laser radi- 
ation actually correspond to different sets of resonances. As was the case for resonances 
in fluorescence emission, a larger Raman enhancement occurs for lower % resonances. 


RAMAN SHIFT (cm7!) RAMAN SHIFT (cm7') 
1100 900 700 900 300 : OO = 900 rere) 500 — 


|.OF RAMAN SCATTERING 
| AV = 488.0nm Aj = 914.5nm 
| (a) 
E o~ “ 
Pi sa BULK GLASS eee Pg 
i Nata H N, E 
i-BULK \J /- BULK 
FUSED / FUSED 
SILICA > SILICA 
a I 
‘a 7 : en See 
” | ELASTIC SCATTERING al ELASTIC SCATTERING 
ff (b) Calculated Ww Calculated 
_ m=1.541 S m=1.542 
Zz d =10.1/6pm = d ={0.1l6 pm 69,4 
73,4 74,4 Zz 
Z 66,6 a 
= 
= < 
a ac 
oO 
Experimental Experimental 
: 0.0! ! 
510 500 540 530 
WAVELENGTH (nm) WAVELENGTH (nm) 
FIG. 3.--(a) Raman emission from a 10.lum- FIG, 4.--Same as in Fig. 3 but with 514.5nm 
diameter glass fiber (solid), a bulk glass excitation of Raman emission. 


sample of similar although not identical 
composition (long dashed), and a bulk fused 
silica sample (short dashed), with 488.0nm 
excitation. (b) Corresponding calculated 
elastic scattering spectrum. (c) Experi- 
mental elastic scattering spectrum from fiber. 


Conelustons 


Morphology-dependent resonances manifest themselves in elastic scattering, fluorescence 
emission, and Raman scattering from microparticles. For an incident wavelength that satis- 
fies a resonance condition, the microparticle acts as a "receiving antenna,'' i.e., the in- 
tensity of the fields within the microparticle increase and the overall intensity of fluo- 
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rescence or Raman emission is enhanced. Furthermore, a microparticle can act as a "trans- 
mitting antenna'' for inelastic re-radiation at wavelengths that satisfy resonance conditions, 
and thus greatly increase the intensity of inelastic emission at the specific wavelengths. 
Such morphology-dependent resonances can greatly distort the lineshapes of Raman peaks with 
linewidths similar to the widths of the resonances or can add sharp structure to normally 
broad, featureless Raman lines. 

In Raman spectroscopy of single microparticles, care must be taken not to identify er- 
roneously peaks that result from resonance enhancements of a Raman line as fluorescence 
peaks superimposed on the Raman signal, since they remain fixed in wavelength, or to attrib- 
ute sharp peaks which result from resonance enhancements of a fluorescence background to 
Raman scattering from discrete molecular vibrational modes. One relatively simple technique 
for determining whether or not a particle under investigation can support such resonances is 
to illuminate the particle with broadband radiation and analyze the elastically scattered 
radiation over the same wavelength range. Although the narrow, low-order resonances which 
cause the largest enhancement of inelastic emission are difficult to detect in elastic 
scattering, the presence of higher-order resonances in the elastic spectra should cause a 
spectroscopist to suspect that the inelastic spectra may also be influenced by resonances 
in the particle. 
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INSTRUMENTATION AND RECENT APPLICATIONS IN MICRO RAMAN SPECTROSCOPY 
P. Dhamelincourt 


Over the past five years, there has been a growing interest in laboratories involved in 
spectrochemical analysis in regard to Raman measurements in the microscopic domain. So, 
in this paper, before presenting a limited number of recent applications, I shall present 
a brief review of instrumentation for micro-Raman spectroscopy and give some indication 
pertaining to the design of coupling optics between microscope and spectrometers that 
could be useful to workers who want to add micro-Raman capabilities to their conventional 
Raman spectrometers. 


Review of Instrumentation for Micro-Raman Spectroscopy 


Most of the laboratories throughout the world involved in micro-Raman spectroscopy use 
two types of specially designed instruments, which have been extensively reviewed in the 
literature.!~° One is the Raman microprobe developed at NBS for the analysis of micro- 
size particles, and the other is the Raman microprobe/microscope (MOLE) developed several 
years ago in our CNRS laboratory at the University of Lille. The MOLE instrument has been 
until recently commercialized by Instruments S.A., Inc., J.Y. Optical Systems Division. 

It is now superseded by a modular system, the Ramanor U-1000, in which a conventional 
macro-Raman spectrometer may be fitted with an optical microscope for micro-Raman measure- 
ments. A new generation of computerized instruments is at present being developed in close 
collaboration between our laboratory and a French company (DILOR, 244 ter rue des Bois 
Blancs, Lille) employing spectrographic dispersion with a very sensitive multichannel de- 
tector (intensified diode array) and an original system of sample exploration by the laser 
beam.© This instrument, commercially available under the name of MICROMARS (Microscope Op- 
tical Multichannel Raman Spectrometer), will be described in detail in another paper of 
this meeting.’ A Raman microprobe prototype with multichannel optical detection has re- 
cently been built at NBS as wel1.8 

Besides these specific instruments in which all parts have been chosen to obtain the 
very best in performance, a few attempts have been made in some laboratories to convert 
macro-Raman spectrometers (or spectrographs) into micro-Raman instruments by the addition 
of an optical microscope.2~!° The idea may be excellent because it is the cheapest way for 
modest laboratories to perform micro-Raman experiments with their available Raman systems. 
But achieving this goal implies the design of a proper coupling optic between a microscope 
and the spectrometer (spectrograph) . 


Fundamentals and Practical Destgn of Coupling Optics Between Microscopes and Raman Spectro- 
meters (Spectrographs) 


The optimum use of Raman light flux collected from the sample implies that the 
"Stendue" (throughput) of the scattered light beam should be maintained along the entire 
optical path from sample to detector. This can be done by an optic matching the apertures 
of the microscope optic and the spectrometer. In general, microscope optics are flat field 
and monochromators in spectrometers have a sufficiently low aperture for the Abbe sine con- 
dition (which is equivalent to the conservation of the "étendue'' of the light beam) to be 
valid. The Abbe sine condition (Fig. 1) is expressed as 


nm sin ugh = sin path! 


The author is at the Laboratoire de Spectrochimie Infrarouge et Raman CNRS, Université 
de Lille, C.5, 59655 Villeneuve d'Ascq Cedex, France. The author is grateful to J. Dubessy 
for providing geology data and to A. Dupaix and M. Menfait for providing biology data. 
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where n is the refractive index Spectrometer Spectrometer 
of the source-space medium, ug is pupil 
the half angle of collection for 
the objective, h is the size of 
the source, ug! is the half angle 
subtended by marginal rays enter- 
ing the pupil of the monochroma- 
tor, and h' is the size of the 
source image. Assuming that the microscope and 
monochromator aperture is low, coupling optics 
one may write 


coupling optic 


: P 
Sintig’ = tg" ay FT iL 


where P is the effective size of source { 
the entrance pupil of the mono- h 
chromator and D is the distance 

between pupil and slit. The Abbe 
condition may be then rewritten microscope 


as objective 


Ly eee 
Yo aD 


where N.A. and yg are the nun- 
erical aperture and the magnifi- 
cation factor of the microscope 
objective, respectively; y is the magnification factor of the coupling optic. In this for- 
mula the inequality expresses that the pupil of the monochromator must not be overfilled 
by the light coming from the source. The P/D ratio, which is the monochromator aperture, 
is the instrumental constant; so it is clear that the magnification factor of the coupling 
optic is directly linked to the optical characteristics of the microscope objectives. 

Then there are several possibilities for matching microscopes and spectrometers which may 
be summarized as follows: 

Design a variable-magnification optic adjustable for any particular objective mounted 
on the microscope turret. 

Design as many interchangeable fixed-magnification optics as objectives mounted on the 
microscope turret. 

Design a unique optic whose magnification will be adapted to a particular objective 
suitable for insuring both good spatial resolution and large Raman light collection. Gen- 
erally this is a high-magnification high-N.A. objective. In this case other objectives 
mounted on the microscope turret will be chosen according to the N.A./y restriction given 
above. (A choice of several N.A. is always proposed by objective manufacturers for any 
particular magnification.) The first possibility, which seems ideal, has a serious draw- 
back because variable magnification optics are very complex and costly, and have generally 
a poor transmission factor (T = 0.6). Above all, they cannot be designed by nonopticians. 
The other two possibilities are far more useful. Fixed-magnification optics are easy to 
design (even by nonopticians) and have an excellent transmission factor (T > 0.9) when 
build with coated lenses. Several solutions of lens combinations are possible. The cal- 
culation of a simple three-lens coupling optic is given as an example. Parameters used 
for calculations are illustrated Fig. 1 and defined as follows: h is the size of the 
source (laser spot on the sample); Pg is the size of the pupil of the objective (diameter 
of the pupil stop inside the objective); d is the optical distance between the stop and 
the magnified image of the sample given by the objective; P, is the size of an intermedi-~- 
ate image of the pupil stop formed on Lg; hg and h! are the size of the source images, 
first given by the objective and second formed on the entrance slit by L, - Lo; Fj, Fo, 

F3 are the focal lenghts of lenses L;, Lo, and L3, respectively; X is the distance between 
the pupil stop and L;; X' and Y are the distances between L, - Lo and Ly, - L3, respective- 
ly; and Z is the distance between L,; and a virtual image of the source formed by this 
lens. 


FIG. 1.--Illustration of the parameters for calculation 
of coupling optics. 
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By use of coaxial lenses, equations that are valid in the image-space of the micro- 
scope objective can be written: 


l l 1 1 1 Xt 
Lens bea ee a RP 
1 eee a ee ae 
hens Lt yee ee KE OE ee hi 
od 1 1 D  _P 
Lens L3: papas a el D- Fy and ~ Py. 


Combining all these formulas yields: 


ee, ee 
1" (& + Y) + [Po/(P/D)] 
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[X(P/D) + Pp]2 2 PO Fy(a + ¥) - aY 
, — (P/D)XY _ F,.Y 
MID PG paces ee (P7D) (KP TE (a + Y) - aY] + aF, 
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F3 = Ty7py + T(P/D)CX/Po) 1D 


where a = X - d represents the distance between the image of the source given by the objec- 
tive and the field lens L,. The distance a must not be equal to zero in order to avoid the 
focusing of fluorescence that may be emitted by the glass of the lens on the monochromator 
slit. A good value for a would be of the order of 10 to 20 mm (i.e., output of an ocular 
tube). The values of X and Pp (which are generally not given in microscope specifications) 
may be easily determined by measurement of the size and position of the image of the objec- 
tive pupil stop formed on a screen by a lens (whose focal length must be smaller than the 
microscope tube length) set up in place of L;. The object must be a uniformly illuminated 
diffusing object (i.e., a piece of fine ground glass). 

If we recall that X, Pg, d, P, and D are instrumental constants, we see that this coup- 
ling optic is entirely defined when the parameter Y (which is roughly the distance between 
the microscope output and the entrance slit of the monochromator) has been chosen. 

With this optic, which rigourously couples objective and monochromator pupils, a large 
number of points may be simultaneously focused on the slit of the monochromator and anal- 
yzed without any loss of light. One may thus take advantage of a multichannel detector 
for obtaining rapidly Raman intensity profiles along a straight line across the sample and 
Raman image mapping by a "frame'' scanning movement of the sample. 


Appltecattons of Micro-Raman and Microfluorescence Spectroscopy 


We present here a few selected examples of investigations conducted with the MOLE mi- 
croprobe in several areas of microanalysis. 


Geology. Microthermometry--micro-Raman spectroscopy combination for analysis of fluid 
inclusions in minerals. 

When a mineral forms it may trap in its defects small portions of the fluid phase from 
which it is growing. These fluid inclusions are real witnesses of the genesis of minerals 
because they have memorized composition and density of the original mixture. The knowl- 
edge of these two characteristics permits the geologist to retrace the chemistry and ther- 
mobarometric conditions of rock formation. In natural minerals, fluid inclusions are gen- 
erally of the order of 1-100 pm. Hitherto, microthermometry was mainly the sole technique 
used by geochemists for fluid inclusion studies. It is based on the observation, under a 
microscope equipped with a cooling-heating stage, of the melting temperatures of solid 
phases and the equilibration temperatures of volatile fluids along with an estimation of 
their volume ratio. By use of the P, T, X (pressure, temperature, composition) thermody- 
namic curves corresponding to the entrapped system, microthermometry measurements permit 
the identification of fluids and the estimation of their chemical composition and thermo- 
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barometric conditions with respect to their formation. Yet these measurements are some- 
times altered and the resulting misinterpretation of fluid-phase equilibria leads to in- 
correct conclusions about past rock formation events. Microthermometric measurements are 
generally altered by the presence of other unknown volatile fluids and the formation of 
gas hydrates in the course of cooling or peatine samples. A great improvement has been 
provided by micro-Raman "in situ" measurements.'1-!2 Such measurements in most cases per- 
mit the confirmation of microthermometric results, detection and estimate of the propor- 
tion of all fluids, and the identification of hydrates. Table 1 is a good example of the 
contribution of the micro-Raman technique in the study of the CO2-CH,-NaCl-H,O syStem en- 
trapped in metamorphic schists of the French Massif Central./3 Microthermometry and micro- 
Raman measurements are perfectly consistent for inclusion 1 but inconsistent for inclusion 
2, 3, and 4, Differing microthermometry results have been found to come from the uncer- 
tainty in the estimation of CO ,-CH, volume ratio for inclusion 2, from the presence of 
fluids other than CO., CH,, H2O for inclusion 3, and from the formation of a CO», CH, gas 
hydrate (evidenced by Raman) for inclusion 4. Sometimes unique information may be drawn 
only from Raman probe analysis, as illustrated by the following examples. 

Both quantitative evaluation of free sulfate ion concentration in brine and direct 
identification of solid phases inside salt inclusions of the saliferous basin of French 
Lorraine have permitted a more precise definition, from thermodynamic calculations, of the 
geochemistry of ancient evaporating waters.1* 


TABLE 1.--Comparison of results obtained by microthermometry and micro-Raman spectroscopy 
for four complex carbonic inclusions (X: mole fraction of constituents). 


CO2-CH, -NaCi—-H20 system |Microthermometry | Micro Raman Spectroscopy 


x = 0.02 X - 0.02 

e CH CH 

INCLUSION N“4 4 ; 
Xco, = 9.98 Xcos -098 
0.25< Xen < 0.5 X -0.42 

INCLUSION N°2 aa CH, 
05< X co,< 0.75 Xco, -0.58 
XCH, =012 
INCLUSION N°3 Xco, - 0,82 
X cols - 0.03 
XNo =0.03 
re Xcu, =0.05 
INCLUSION N°% oe 


Free hydrogen, undetectable by microthermometry (Fig. 2), and free oxygen have been dis- 
covered inside fluid inclusions in quartzes from two precambrian uranium deposits (Rabbit 
Lake in Canada and Oklo in Gabon). This finding can be explained only by radiolysis of 
water. A close relationship has been found in Oklo uranium deposit between Hg-rich inclu- 
sions and natural nuclear reaction zones.!° 

So, although no panacea by itself, the micro-Raman technique is here and is now one of 
the most powerful tools available for fluid inclusion studies. 
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Studtes of reactions at 
surfaces and interfaces by use 
of controlled atmosphere and 
temperature cells.1® Control- 
led atmosphere and temperature 
cells are indispensable for 
the study of solid reactivity. 
With conventional Raman spec- 
trometers such cells are often 
difficult to operate and be- 
come sources of trouble. When 
micro-Raman instruments incor- 
porating a microscope are used, 
studies at different tempera- 
tures and under controlled 
{even corrosive) atmospheres 
become far easier when one em- 

: . ploys commercially available 
vibration or laboratory-made heating 
celis that fit directly onto 
the microscope stage. More- 
. over, these studies benefit 
rotations from the high spatial resolu- 
tion high sensitivity of micro- 
Raman instruments, as illus- 
trated by the following 
examples. 


Solid-phase reaction be- 
tween MoO3 and NiO (Fig. 3). 
The experiment has been per- 
formed under air in a commer- 
cial cell (Leitz 1350) with a 
grain of NiO (70 um in linear 
dimension) included below the 
surface of a MoO3 disk and 
heated to 550°C. The a 
NiMoOQ, phase was observed to 
form at the interface between 
NiO and MoQ3. When the sys- 
tem is cooled, the a-f8 NiMoO, 


eee ee RS NEA a ae a ee a (ee ONT oY 
Aven ' 4180 4120 phase transition has been 


observed. 
FIG, 2.--Raman microprobe spectrum of free Hy inside one Sulfidation by H2S of an 
fluid inclusion within quartz host mineral from precambrian industrial Co-Mo-yAlj03 hydro- 
uranium deposits (Oklo, Gabon). desulfurization (HDS) catalyst 


(Fig. 4). The HDS catalysts 
generally have to be sulfided before they can be used in reactors, so that investigation 
of sulfidation is of great interest. Sulfidation was performed with a Hy)-H2S (10%) mix- 
ture at 320°C in a laboratory-made cell over only a few minutes. Then in situ Raman spec- 
tra were recorded at the same temperature. After the sulfiding treatment, the initial 
Raman characteristics of the sample in the oxide form!’ had completely disappeared and 
only two lines were evidenced. These lines are those of MoS,(Mo-S stretching modes) with 
a slight shift in wavenumber that is thought to be related to Ni or Co intercalation be- 
tween MoS» layers. Another interesting thing is the time-dependent phenomenon, observed 
as a broad band around 570 cm-! at the begining of sulfidation (Fig. 4a), which could be 
related to a deposited molybdenum oxysulfide or to polysulfide species. 


Thiophene interaction with HDS catalysts (Fig. 5). Some experiments have been per- 
formed on various molybdenum-based HDS catalysts in various chemical states (precursor ox- 
ide, prereduced or presulfieded oxide). The main results are the following. When thio- 
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phene interacts with the oxide form at room temperature, Raman spectra are characteristic 
of physisorbed thiophene. Then the physisorbed state is strongly modified by heating as 
evident from the appearance of a broad band in the 1300-1600cm"! range, which proves that 
physisorbed thiophene decomposes by heating into carbonaceous species strongly chemisorbed 
on the oxide form of the catalyst. When thiophene is introduced on catalysts that have 
been previously prereduced in the cell by Hp at high temperature or on presulfided cata- 
lysts, evidences of physisorption are absent in Raman spectra recorded at room temperature, 
but when heated at 320°C these catalysts exhibit a Raman spectrum characteristic of car- 
bonaceous species resulting from a nondetected, sorbed species. These results are consis- 
tent with XPS measurements carried out on the same samples where the So, signal is inter- 
preted as originating from both chemisorbed thiophene and sulfidic species. 


To conclude this part, this experimental approach (which couples a micro-Raman instru- 
ment with commercial or specially designed cells) has wide applicability in many domains 
such as corrosion problems, solid-gas, or solid-solid reaction studies. 


Relative wavenumbers(cni ') 
0 4000 3000 5000 7000 


Intensity (arbitrary units) 


4579 550 600 
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error curve 


FIG. 6.--Left: In vivo fluorescence and resonance Raman spectra (frame insert) of single 
Pyrocystts lunula cell; excitation, 458 nm. Right: Pyrocystis lunula. 


Biology. Past studies of biological samples with the MOLE have demonstrated in situ 
identification of purines in standard histological fixed thin sections of tissues from or- 
gans of various animals!® and of particulates of pesticides in ciliated protozoa.!9 An- 
other area of successful applications of the MOLE has been the study of fluorescence from 
living cells. A first example (Fig. 6) is the "in vivo'! fluorescence spectrum obtained 
from the cytoplasm of a single microscopic bioluminescent algae, Pyrocystis lunula.*° The 
spectrum exhibits three main bands which have been assigned to the chlorophyll (674 nm) and 
luciferin (518-542nm) fluorescence emissions. The resonance Raman spectrum of the peridin- 
in carotenoid has been recorded, too, It gives information on the peridinin-chlorophyll- 
protein complex of the algae. By use of the image mode of the MOLE, fluorescence images 
corresponding to the chlorophyll and luciferin emissions have been compared to images of 
induced bioluminescence. They indicate that the photosynthetic apparatus and biolumines- 
cence sources are located in the same region of the cell (central part of the cytoplasm). 

A second example is the study of intracellular fluorescence of a chemotherapeutic agent 
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(Adriamycin) from single leukemia 5543A 
celis. Whereas laser-flow cyto- 
metry has contributed to the in- 
tracellular detection, and quan- 
titation of anthracyclines in 
whole-cell populations, very few 
attempts have been made at the 
single-cell level. The MOLE has 
been successfully employed to re- 
cord nuclear and cytoplasmic fluo- 
rescence spectra in single cells 
isolated from the human erythro- 
leukemia cell line K 562 and 
treated with Adriamycin (ADM) .2! 
Comparison between spectra of free 
and intracellular ADM (Fig. 7) 
clearly shows frequency and in- 
tensity modification (batho- 
chromic effect and fluorescence 
quenching) --particularly in the 
nucleus--which are characteristic 
of the ADM interaction with DNA. 


16000 48000 20000 crit 
absolute wavenumbers 


This new spectroscopic approach FIG, 7.--Fluorescence spectra of Adryamycin (ADM). (a) 
may be extended to other anthra- Free ADM; (b) in nucleus; (c) in cytoplasm of single 
cyclines or fluorochromes. The leukemia cell. Excitation, 458 nm. 


results could be useful in the 
scheduling of chemotherapy and would permit reduction or minimization of the toxicity to 
normal tissues. 
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THE LAWRENCE LIVERMORE NATIONAL LABORATORY RAMAN MICROPROBE 


F, P, Milanovich, Tomas Hirschfeld, and D. C. Johnson 


The current applications of Raman microtechniques are the outgrowth of pioneering feasibil- 
ity studies by Delhaye! and Hirschfeld.* These studies have resulted in several inde- 
pendently developed Raman microprobes such as those at the National Bureau of Standards 
(NBS) ® and the University of Lille in France,’ as well as commercially available Raman 
microprobes.°’*® Hirschfeld recently reviewed the technologies related to optical micro- 
techniques and presented a design for an optimally sensitive Raman microprobe.’ With 
this design and mindful of specific Lawrence Livermore National Laboratory (LLNL) research 
needs in biomedical and environmental research, laser fusion, and weapons development, we 
have designed and constructed a Raman microprobe. Here we describe this LLNL microprobe 
and present examples of its capabilities. 


Instrumentatton 


Mteroprobe. The LLNL Raman microprobe is shown in Fig. 1. The dedicated illumina- 
tion sources are a Spectra-Physics Model 165 Ar-ion laser and a Spectra-Physics Model 
171 Kr-ion laser. These sources were chosen for their ease of operation, stability, 
reliability, and multiplicity of laser wavelengths. Several other lasers, pulsed-dye and 
UV, are available on an intermittent basis. 

The laser output is guided by a series of beam-directing mirrors to a spatial-filter 
beam-expander. The expanded beam is then turned at right angles by a Pellin-Broca prism 
and focused by a 400mm achromatic lens to a 100 um pinhole. This pinhole and the spatial- 
filter serve as excellent fiducial marks for day-to-day reproducibility of laser beam 
location. After passing through the final pinhole, the expanding beam is tightly focused 
onto the sample stage by a reflecting objective (illuminator). 

The collected Raman signal is passed from the illuminator at f/8 to an Instrument SA 
model DL-203 spectrograph. The prefilter stage of the DL-203, which is designed for high 
stray-light rejection, can be replaced by a high-throughput notch-filter assembly for 
applications where stray light is not a problem. The wavelength-dispersed Raman signal 
is then focused onto the photocathode of a PAR model 1254 intensified vidicon camera. 

The camera is housed in a PAR 1212 dry-ice-cooled housing. The prefilter, spectrograph, 
and camera with housing are mounted on an X-Y-Z adjustable platform. The platform is 
supported at three positions by air-cushioned legs that allow microadjustment of the light 
detecting assembly relative to the illuminator. 


Illuminator. A cross section of the LLNL Raman microprobe illuminator is shown in 
Fig. 2. The expanding light from the 400mm achromatic lens (1) and pinhole assembly (2) 


The authors are at Lawrence Livermore National Laboratory, University of California, 
Livermore, CA 94550. The work was performed under the auspices of the U. S. Department 
of Energy by Lawrence Livermore National Laboratory under Contract W-7405-Eng-48. The 
authors wish to thank Dr. H. Golopol for providing the PETN samples and for helpful dis~- 
cussions. This document was prepared as an account of work sponsored by an agency of the 
U. S. Government. Neither the U. S. Government nor the University of California, nor any 
of their employees, makes any warranty, express or implied, or assumes any legal liability 
or responsibility for the accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents that its use would not infringe 
privately owned rights. Reference herein to any specific commercial products process, or 
service by trade name, trademark, manufacturer, or otherwise, does not necessarily consti- 
tute or imply its endorsement, recommendation, or favoring by the U. S. Government or the 
University of California. The views and opinions of authors expressed herein do not 
necessarily state or reflect those -f the U. S. Government thereof, and shall not be used 
for advertising or product endorsement purposes. 
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is directed via a beam splitter (3) to a Beck Model X-15 reflecting objective with a 
numerical aperture of 0.28. The objective directs the light through a hole in an 
ellipsoidal collecting mirror (4) where it is then tightly focused on the sample stage 
(5). The stage is of a conventional spider-like design with three course and three fine 
X-Y-Z adjustments. The light passing through the beam splitter is directed onto a 
photodiode (6) to monitor the input beam power. 

The principal component of the illuminator is the ellipsoidal collection mirror (7). 
The ellipsoid has a primary focus of 18 mm, secondary focus of 332 mm, and a 2.94 
teradian collection area. This configuration yields a convergence angle at the non- 
polarizing magic angle of 60.9°.° 

A swing-away beam splitter and penlight assembly (8) provides sample-stage illumina- 
tion by back illuminating the sample in the collecting ellipsoid. In addition, light 
from the beam splitter is directed into the DL-203 for intensity calibration. The pen- 
light is operated under-voltage for extended lifetime and has been calibrated against 
an NBS intensity standard. 

The illuminator has been designed for vacuum operation. 


Operation 


The light-detecting element of the LLNL Raman microprobe is the silicon-intensified 
target (SIT) of a PAR Model 1254 detector head, which is controlled by a PAR OMA 2 Model 
1250 console. The operating principle of these multichannel detectors has been de- 
scribed,” and recent comparison of OMA sensitivity with photon counting has been per- 
formed. 

The detection system gives the experimenter a day-to-day, if not run-to-run, main- 
tenance problem--that of intensity and wavelength calibration. To enhance our ability to 
perform these calibrations, we have added computer capabilities in parallel with the PAR 
OMA 1250 console (see Fig. 1). The computer is an LSI 11-23 controlled from a Tektronix 
4010 keyboard. The computer is driven by LLNL-developed software that gives an expanded 
format for data storage over the PAR 1250 and an increased capacity to perform mathemat- 
ical operations with the data. In addition, the LSI 11-23 operating in series with a 
Tektronix 4051 microcomputer also provides data basing and manipulation for a separate 
macro-Raman system. This configuration gives the added benefit of being able to handle 
data from both a macro- and micro-Raman system with the same software. 

In a typical operation, a spectrum is first acquired by the PAR 1250 console. If 
necessary, wavelength and/or intensity calibrations are then performed and this informa- 
tion, including the original spectrum, is transferred to the LSI 11-23. The data are 
consequently stored in two locations, which provides a convenient backup. 

The wavelength calibration is routinely performed by obtaining the spectrum of a 
macroscopic particle of naphthalene (100 ym), shown in Figure 3(a). Naphthalene is 
chosen for its ready availability; ease of handling; and well-spaced, narrow Raman lines. 
The known location of the Raman shifts are then utilized in the PAR 1250 software to 
calibrate the 500-channel wavelength axis of the SIT. 

Figures 3(a}) and (b) give excellent examples of the instrument's capability. The 
spectrum of Fig. 3{a), which is of a 7Oum naphthalene particle, was taken with 12s 
illumination at 2 mW and 514.5 nm. Figure 3(b) is a spectrum of a micro-naphthalene 
particle (10 um) acquired under ambient conditions. The particle sublimed in a very 
short time.'! However, the light-gathering capabilities of the illuminator and multi- 
channel nature of the detector yielded a discernible naphathalene spectrum. 


Applteatton 


The first application of the LLNL Raman microprobe was a weapons program problem con- 
cerning the explosive pentaerythritol tetranitrate (PETN), which has long been a widely 
used secondary explosive. Its popularity is in part attributable to its high chemical 
stability, which allows manufacturing and handling with comparative safety. 

Recently, a significant reliability decrease was noted in PETN-filled detonators 
that were exposed to high temperatures. In an attempt to gain an understanding of this 
decrease, various analytical determinations were performed on the heated PETN. Elemental 
analysis indicated no major impurities or compositional variations outside the interbatch 
fluctuations typical of PETN preparations. This fact indicated the possibility of subtle 
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structural differences, 

Since it is known that crys- 
tal-strain reductions reduce 
sensitivity in the explosive. 

The PETN is presumed 
stable below 140°C as a non- 
hygroscopic, crystalline 
solid (alpha-PETN). The 
crystals are uniaxial with 
a tretragonal unit cell of 
nominal dimensions a = 9.3 A 
and c = 6.7 A. Qualitative 
information is available on 
the existence of polymorphs 
of this structure. The 
principal one, beta-PETN, is 
observed on heating to 130 
to 140°C. It is presumed to 
revert completely to alpha- 
PETN on cooling. 

Initially, two spectro- 
scopic techniques were 
applied in structural stu- 
dies of the heated PETN--x- 
ray diffraction and Fourier 
transform IR (FTIR). The 
x-ray diffraction studies 
showed a barely detectable 
line narrowing. The_FTIR 
was more successful.’ 
Comparisons of spectra of 


0 200 400 600 800 1000 1200 1400 1600 1800 


heated and unheated PETN 

cm"! showed no changes in peak 
FIG. 3.--Raman spectra of micro- and macro-naphthalene location; however, several 
particles taken with LLNL Raman microprobe. Measure- peaks were shown to have 
ment parameters: (a) particle size, 70 um; laser power, Significant intensity 
2 mW; laser wavelength, 514.5 nm; prefilter bandpass, differences (heated versus 
40 nm; slit width, 167 um; (b) particle size, 10 um; unheated). The similarity 
laser power, 500 uW; other parameters idential to (a). of spectral peak locations 


indicated no difference in 
composition, whereas the variation in their intensities indicated local symmetry changes 
such as crystallinity, crystal defect levels, stress, strain, etc. 

The FTIR data were obtained on the bulk material. A better understanding of the 
nature of these postulated structural differences could be obtained by complementary micro- 
analysis of PETN crystals. This analysis was performed with the Raman microprobe. Figure 
4(a) shows the Raman spectrum of the heated PETN taken with a macro-Raman system and Fig. 
4(b) shows the Raman spectrum of an individual crystallite taken with the Raman microprobe. 
A particle-by-particle analysis showed one recurring major spectral difference (Fig. 4c). 
The 594 cm ’ is strongly enhanced along with the fluorescence background. Attempts to 
produce this spectral change by methodical increases in laser intensity on native par- 
ticles were unsuccessful. 

This difference is well in excess of reproducibility differences for a given particle, 
yet reflect no major compositional change because no peaks disappear nor are any of them 
missing. Analogous to the FTIR data, changes in crystalline structure are suggested, but 
they are now shown to be microscopically heterogeneous. This finding indicates that the 
degradation mechanism cannot be a simple bulk one, but must reflect either a macroscale 
stochastic mechanism or be influenced by a much smaller initial sample heterogeneity on 
a crystal-by-crystal basis. 
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A NEW GENERATION OF LASER RAMAN MICROSPECTROMETERS: MICROMARS 


M. Delhaye, M. Bridoux, P, Dhamélincourt, J. Barbillat, 
E. Da Silva, and B. Roussel. 


Various applications of Raman microspectrophotometry and microprobing have been developed 
during the past decade. The experimental setups used in the first generation of Raman mi- 
croprobes essentially benefit from the advantage of focusing of the laser beam to a small 
area of the observed sample and collecting the scattered light by a large-aperture optic. 
Most spectra have been recorded by means of conventional optical monochromator/photomulti- 
plier instrumentation. The Raman lines are thus recorded sequentially by scanning of the 
spectrum, 

A second generation of micro-Raman instruments has been recently proposed, which prof- 
its from the advantages of the so called "multichannel" photodetectors to measure simul- 
taneously a large number of spectral elements. 

Since the early stage of "multichannel" Raman detection, pioneered by some of us twenty 
years ago, we have been able to use and to compare a variety of image intensifiers, low 
level television cameras, phototubes, and solid-state photodetectors. After having evalu- 
ated the capabilities of such detectors for time-resolved and space-resolved Raman spec- 
trometry, we decided to work in close collaboration to create a new instrument, now com- 
mercially available and called MICROMARS. 

The study and realization of this new instrument has been based on the following 
principles. 


e The available photodiode arrays offer the best compromise for sensitivity, wide 
dynamic range, geometrical stability, signal handling, and treatment. 

@ The whole optical system has to be designed to fit the multichannel photodetector. 

e Attention must be paid to the optimization of the coupling optics, from the sample 
to the detector, so that the full benefit from the "multichannel'' advantage is derived, 
both for spatial resolution and spectral requirements. 

@ All mechanical motions, spectral parameters, and signal treatments must be computer- 
ized or computer controlled. 


Multtchannel Detector 


Two detectors are used (1) a linear photodiode array (Reticon 1024 elements) with a 
quartz window, covering the spectral range 200 to 1000 nm; and (2) an intensified detector 
made by coupling-- by means of optic fibers-- an image intensifier (LEP proximity-focused 
microchannel plate intensifier) to a Reticon 512-element photodiode array). The spectral 
range is limited to 400-850 nm but the overall gain enables single-photon detection. 

The whole detector head, filled with argon and sealed, is cooled to -28°C by Peltier 
elements. A part of the electronic circuit, comprising the FET low-noise preamplifiers 
and control, is included in the head. To avoid extra noise, this unit is powered by CdNi 
batteries. 

The rest of the electronics is rack-mounted in a console: Gauss filter, sampling, mul- 
tiplexing A/D converter (12 bits, 5 us), and control logic. 

The signal output (TTL, 12 bits coded) is compatible with a fast HP-1000L computer. 

A built-in data-treatment arithmetic unit with two 1K memories can store signal and 
background and perform background substraction, with either a TTL output at slow rate (100 
us to 10 ms per step) or an analog output to the strip chart recorder. 


The first four authors are at the Laboratoire de Spectrochimie Infrarouge et Raman 
CNRS, Université de Lille, C.5, 59655 Villeneuve d'Ascq Cedex, France; the last two, at 
DILOR, 244 ter rue des Bois Blancs, 59000 Lille, France. 
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The time of integration varies from 20 to 990 ms by 10ms steps or from 1 to 99 s by 
15 steps. 


Microscope and Spectrometer Opttes (Fig. 1) 


The MICROMARS is normally supplied with an Olympus microscope, compatible with a large 
number of accessories, illuminators, and objectives. Visual observation of the micro- 
scopic images is complemented by a built-in color TV system coupled with a special safety 
filtering device that eliminates any risk when laser illumination of the sample is used. 
This device is compatible with white-light illumination to insure a precise location of 
the laser probe with a sharp focus on the observed area of the sample. 

A new kind of transfer optics is placed between the microscope and the spectrometer, 
which enables optimized coupling. The sample is not moved under the microscope objective; 
instead, it is explored by the motion (actuated by a motor-driven, computer-controlled 
scanner) of a couple of intermediate lenses, the one deflecting the laser spot over the 
whole field of the microscope, the other compensating for deviation of the image of the 
probed area to bring it to the entrance slit of the spectrometer. A fixed sample can thus 
be analyzed with high accuracy over a wide field, an optical arrangement that has proved 
to be most convenient for a variety of cumbersome samples (cryostat, variable-temperature 
or -pressure cells, pieces of art, or industrial materials). 

The spectrometer itself comprises a zero-dispersion, double holographic grating fore- 
monochromator, followed by a grating spectrograph. The intermediate slit of the foremono- 
chromator is adjustable to determine the bandpass corresponding to the spectral region 
covering the multichannel detector. All the mechanical motions of the slits, gratings, 
and mirrors are driven by stepping motors and are computer controlled, 

In addition to multichannel detection, the same dispersing spectrometer can be con- 
verted to a low-stray-light monochromator, with a photomultiplier to record Raman spectra 
by the conventional scanning technique, The capability to analyze the same sample by 
either single-channel or multichannel photodetectors has permitted a comprehensive compari- 
son or the inherent advantages and limitations of both techniques (Fig. 2). 


App ltcattons 


As an example of the gain in sensitivity routinely obtained, the spectrum shown in 
Fig. 3 exhibits the well-known Raman bands of powdered graphite, observed with a 100x mi- 
croscope objective, It is worth noting that the laser beam power is limited to 8 mW, and 
the Raman light has been attenuated to 1% by a neutral-density filter of OD = 2. This ar- 
tificial attenuation serves as a good calibrated test of performance for very weak Raman 
signals. 


5145 A - 8 mW (samPe) 
MICROSCOPE X 100 
NUMBER OF SCANS : 10 
TOTAL TIME : 50s 


1350 1577 WAVENUMBER Com—1) 


FIG. 3.--Test of sensitivity of MICROMARS spectrometer. Powdered graphite. 
Intensity of Raman spectrum has been divided by 100. 
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ANALYTICAL APPLICATIONS OF A MULTIPLEX DETECTOR LASER RAMAN MICROPROBE 
W. R. Steinbach, C. F. Lohrstorfer, and E. S. Etz 


The laser Raman microprobe in_use at the McClellan Central Laboratory differs from pre- 
viously reported instruments! ° in that it employs a novel spectrograph mated to a multi- 
plex detector. This instrumental arrangement permits simultaneous recording of broad 
Raman spectral regions (e.g., Raman shift coverages of 800 to 2400 cm ! are typical) in 
time periods as short as 30 ms (i.e., detector single scan time). Data acquisition times 
ranging from a few seconds up to a few minutes are used for weaker Raman signals, such as 
those from single microscopic particles down to 1 um in size, or equivalently small sample 
regions of a macroscopic specimen for which laser power density is a limiting factor. Such 
relatively short signal integration times are advantageous because they markedly increase 
sample throughout in the instrument and they significantly optimize the prospects for non- 
intrusive and nondestructive analysis of the sample which in many cases could be modified 
due to prolonged exposure to the intense focused laser radiation. 

This paper begins with a brief description of the instrument. Emphasis is placed on the 
performance characteristics of the apparatus that result from the association of the proto- 
type spectrograph and the optical multichannel detection system. Experimental results are 
then shown which illustrate the micro-Raman measurement of two types of laser irradiation 
sensitive materials (an organic nitro compound and a polymer) under conditions of broad 
spectral coverage. The application of the instrument in the identification of microparticles 
in a "real world" analytical sample will then be discussed. As an example, we present spec- 
tra leading to the identification of crystalline silica (a-Si0,) in a reference sample of 
volcanic ash from the 18 May 1980 eruption of Mount St. Helens. 

The microprobe described here has now been in routine operation for the past year, 
challenged in its performance by a broad range of difficult microsamples demanding the in- 
sights and skills of an experienced analyst. We project from this initial research with 
this type of advanced micro-Raman instrumentation that much promise lies ahead for the fur- 
ther development of the technique through current advances in both spectrometric and optical 
detector instrumentation. 


Instrument Desertptton 


In the development of this new microprobe (Fig. 1) commercially available equipment has 
been employed. An experimental triple spectrograph of novel design (Model DL-203, Instru- 
ments SA, Inc.) °® and a multichannel detection system (Model 1215 OMA-2, EG&G/Princeton 
Applied Research Corp.)®’”’ with a cooled silicon intensified target (SIT) vidicon array 
detector (Model 1254, PARC)® are the principal state-of-the-art components incorporated in 
the design and layout of the instrument. Provisions exist for the use of either an argon 
ion or krypton ion CW gas laser for Raman excitation. For all work reported here, the 
514.5nm line of the argon laser has been used. The Pellin-Broca (P-B) prism is employed 
in conjunction with a beam expander/spatial filter (not shown) positioned directly ahead 
of the microscope. The prism and spatial filter combination serves to reject the plasma 
lines from the laser beam directed at the sample. 


Authors Steinbach and Lohrstorfer are at the McClellan Central Laboratory, McClellan 
Air Force Base, CA 95652; author Etz is at the Center for Analytical Chemistry of the 
National Measurement Laboratory, U. S. National Bureau of Standards, Washington, DC 
20234. Collaborators in the development of the new microprobe were F. Adar and D. QO. 
Landon, both of Instruments SA, Metuchen, NJ, to whom the authors are indebted for their 
assistance at the outset of this work. 
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FIG. 1.--Schematic of newly developed laser 
Raman microprobe showing principal components 
of instrument layout. Present discussion em- 
phasizes multichannel detection capability in 
instrument performance. 
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MULTICHANNEL 


A modern research-grade microscope retains its original function but has been modified 
through the addition of two beam splitters (BS, of variable transmission-to-reflection 
ratio) positioned on sliding mounts in the body-tube of the microscope. The lower beam 
splitter allows the introduction of the expanded laser beam into the optical path of the 
microscope. The beam is focused to a microscopic spot on the sample by use of several 
standard (achromatic) microscope objectives. The focusing objective used most frequently 
is one with a magnification of 40x and numerical aperture (N.A.) of 0.85. Thus, an 
incident beam completely filling the back-aperture of the microscope objective has a 
diffraction-limited spot of 0.7 um that theoretically defines the optimum lateral resolu- 
tion of the microprobe measurement. The smallest actual probe spot diameter has not been 
determined accurately but does appear to be between 1 and 2 um. Individual particles of 
interest--in caseswhere the sample is a heterogeneous collection of microparticulates--are 
precisely positioned, one at a time, in the focal spot of the laser by translation of the 
microscope stage. The scattered light (Raman and Rayleigh) is collected by the objective 
and directed out of the microscope by the upper beam splitter toward the coupling lens L2. 
This lens focuses the scattered light onto the entrance slit S; of the premonochromator (or 
prefilter stage) of the spectrograph. 

The premonochromator serves as a variable bandpass filter to allow transmission of the 
Raman light and rejection of the high-intensity exciting line. The center of the bandpass 
is adjusted by motion of the coupled gratings G; and G2; the width of the bandpass is chosen 
by variation in the width of the aperture at slit S2. The gratings used in the prefilter 
stage (1200 grooves/mm; concave/holographic) result in a dispersion of 4 nm/mm at the focal 
plane of slit Sz. Typically, fixed slits 12 or 16 mm wide are used as apertures at So. 
These choices result in Raman spectral coverages of 1660 and 2150 ein. respectively, when 
514.5nm excitation is used. The two gratings (coupled in subtractive dispersion) disperse 
the light and create an image of S; at S3 without the need for focusing mirrors or lenses. 
Note that the center and width of the bandpass are chosen together to insure that the laser 
line is always outside the predetermined bandpass. The final dispersion of the Raman light 
is accomplished by the third grating in the spectrograph stage (G3, 2400 grooves/mm; plane/ 
holographic) and one of three output lenses (L3) mounted on a turret. The final grating can 
be rotated so that any wavelength is directed down the optic axis of the spectrograph. 
Photographic lenses with output focal lengths of 55, 105, and 200 mm create a final image 
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in the plane of the detector (i.e., on the face of the SIT vidicon photocathode) with ex- 
perimentally determined dispersions of 8.76, 4.59, and 2,41 nm/mm, respectively. Since the 
active width of the 500-channel detector array extends over 12.5 mm, spectral coverages of 
110, 57, and 30 nm (corresponding to Raman shifts from the exciting line of 3400, 1450, and 
1070 cm * with 514.5nm excitation) are in principle achievable. Thus the 105mm lens would 
be the choice when a 12mm aperture S2 is employed, and a lomm slit S2 would require the use 
of the 55mm focal-length lens. If optimum spectral resolution is sought, the 200mm lens is 
required in conjunction with an appropriately narrow slit S;. (Typically 50um slits are 
used at S3.) 

In this work, the PARC OMA-2°?? optical multichannel analyzer with nominally 512 
channels has been used as adetector The theory and operation of this detection system 
used in conjunction with either vidicon or solid-state photodiode array detectors has been 
described elsewhere.°?? At present, we employ the SIT vidicon detector as the actual multi- 
channel light detection device. This tube is cooled at -65°C by means of a methanol bath 
in the cooled detector housing. The bath is cooled by a freon-based two-stage mechanical 
refrigeration unit (FTS Systems, Inc.).° 

The Raman microprobe is also equipped to be operated as a scanning instrument (Fig. 1) for 
spectrometric rather than spectrographic recording of spectra. In the scanning mode of 
the instrument, the multichannel detector is replaced by a conventional cooled photomulti- 
plier tube (PMT). With this separate detection system, the monochannel spectrum is obtained 
by rotation of the third grating (G3) via a stepping motor drive. Although this mode of 
operation is employed infrequently, it is useful when selected spectral regions need to be 
investigated with greater scrutiny. That is the case when data of increased diagnostic 
value are required and call for results of improved spectral resolution (e.g., typically to 
acquire spectra with 3-7 cm’ resolution not obtainable under optimum conditions of multi- 
channel operation). 


Performance Charactertsttes 


Some performance characteristics of the new microprobe were investigated experimentally 
and others were assumed on the basis of known figures of merit for each of the individual 
system components. Of particular interest in this low light level application of the novel 
polychromator/multichannel detection system were several parameters governing the analytical 
quality of spectra from individual microparticles. A more comprehensive discussion of these 
instrumental factors determining system performance will be presented elsewhere.’° The 
principal performance characteristics that have been documented include (i) spectral range 
and light throughput across the spectral bandpass, (ii) stray light behavior and its effect 
on photometric accuracy, (111) photometric precision and wavelength accuracy across the 
face of the detector, (iv) spectral resolution sensitivity, and (v) signal-to-noise and back- 
ground considerations. 


Stgnal Aequtsttton. In this work, various signal integration methods for the cooled 
SIT vidicon detector were examined, such as: real time, in-memory signal integration, 
variable integration time, and channel grouping. Because the micro-Raman experiment in 
most cases represents a Signal-limited situation, most of the spectra are generally obtained 
by extended delay target integration techniques. Thus, detector scan and readout para- 
meters must be usually optimized for good signal-to-noise (S/N) measurements from low light 
level emissions. For most of the spectra it is advantageous to allow the signal to accumu- 
late on the silicon target before electronic readout at the end of the signal integration 
period. Therefore, instead of reading it out continuously and averaging in computer memory, 
one allows the signal to integrate on the target for several minutes. For a typical data 
acquisition time of 3 min, 6000 delay scans (at a frame time of 30 ms) followed by 10 readout 
scans are employed. The "background" in the multichannel spectra (with use of a cooled SIT 
tube) can largely be attributed to electronic readout noise, and that background is repro- 
ducible and can therefore be subtracted from the spectrum. 


Spectral Resolutton. The simultaneous spectral coverage provided by the imaging detector 
is equal to the reciprocal linear dispersion of the spectrograph times the width of the 
photodiode array. The spectral resolution obtained with the SIT vidicon is determined by 
the spectral coverage (for each lens in the output optics) and the intrinsic characteristics 
of the array--principally the channel bandwidth (i.e., 25 wm) and interchannel crosstalk. In 
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careful measurements, with the 200mm lens, an optimum spectral resolution of about 7 cm ' 


can be obtained with the microprobe in its present multichannel configuration, 


Wavelength Calibration. Wavelength calibration of the instrument (for each output 
lens) was achieved with the use of spectral calibration lamps, to provide a channel number- 
to-wavelength (nanometers) conversion. In principle, this conversion is accurate to within 
a Single channel of the detector, about +1 cm-! for the Raman spectral range considered here. 
The SIT vidicon, because of its inherent geometric distortion,” requires a polynomial-fit 
calibration which is available in standard software provided with the optical multichannel 
analyzer (OMA-2).” The polynomial least-squares fit based on 8 or 9 spectral lines 
(spaced across the full width of the detector) and their corresponding exact channel posi- 
tions provides frequency accuracy of Raman bands estimated to be on the order of 3 to 4 
wavenumbers. 


Samples Analyzed 


For the experimental results presented here, the particle samples in all cases are 
supported by a sapphire (a-Al203) substrate. Sapphire serves as a potentially good heat 
sink in measurements where the sample (most often a single microscopic particle) undergoes 
any laser-induced heating arising from optical absorption of the incident radiation. Thus, 
particles mounted in air and supported by sapphire are less likely to undergo thermally 
induced chemical modification. Relative to the examples given, no effort has been made to 
provide additional thermal contact (e.g., by overcoating or embedment in a noninterfering 
dielectric film) between the particle and the substrate. The particles are simply dis- 
persed on the substrate and subsequently analyzed requiring no further preparation. 

The particle samples of trinitrotoluene and polystyrene latex were prepared from well- 
characterized bulk materials. The sample of volcanic ash examined in this study was one 
collected in Yakima, Washington (reference sample provided by Battelle Pacific Northwest 
Laboratories) from the eruption of Mount St. Helens on 18 May 1980. 


The Spectra of Microparticles 


To illustrate the multiplex advantage of the new microprobe over conventional scanning 
microprobes, we have acquired the microparticle spectra of several classes of laser radia- 
tion sensitive solids. From previous work!! with the NBS monochannel scanning microprobe, 
these materials were known to present certain experimental complications arising from time 
dependent sample modification due to laser-induced heating or photodegradation. Two spe- 
cific analytical situations are discussed here. 

The spectra (Figs. 2-4) are presented as digital plots of scattered intensity (the 
ordinate represents detector counts; signal levels are not given) versus frequency (or 
Raman) shift. Figure captions include the relevant experimental parameters. The spectral 
data have been obtained at variable spectral resolutions and under different conditions of 
target integration, as mentioned above. The spectra shown here are not background-sub- 
tracted, i.e., the contribution to the spectral background by the (thermal) dark current 
of the SIT detector and that from the readout scans has not been subtracted, In other 
measurements, the actual dark current ("dark count") stored in computer memory is often 
subtracted from the spectrum of the sample. 

Figure 2 shows the spectrum of a microparticle of TNT with a spectral coverage of just 
over 1600 cm‘. Note the flat spectral background over the entire spectral region, which 
gives no indication of sample degradation. Spectra of this nitro compound recorded with 
a scanning microprobe and 568.2nm excitation exhibit a progressively increasing background 
toward higher wavenumber shifts.'+ This result has been interpreted as being indicative of 
slow, time-dependent sample degradation due to photochemical deterioration (photolysis) of 
the sample. Other scanning microprobe spectra of TNT obtained with 514.5nm excitation exhi- 
bit substantially higher spectral backgrounds (with concomitant deterioration of signal-to- 
background ratio) at much earlier data acquisition times, and lower Raman shifts, very early 
at the start of the spectral scan. The reason for the flat background associated with the 
multichannel spectrum is that under the irradiance conditions employed, the entire spectrum 
is obtained before detectable sample deterioration can set in and affect spectrum quality. 
The multiplex advantage in terms of data acquisition time, for this example, is about a 
factor of ten, at the expense of lower spectral resolution. Figure 3 shows the spectrum of 
another laser-radiation sensitive material--a polystyrene latex microsphere. The polymer 


282 


TRINITROTOLUENE 


i600 1200 eno cM: 
FIG. 2.--Microprobe Raman spectrum of single 
microcrystal of trinitrotoluene (TNT). Mea- 
surement parameters: exciting wavelength, 
514.5 nm; laser power (at sample), 25 mW; 
beam spot, about 15 um diameter; substrate, 
sapphire; particle size, 30 < 18 um; inte- 
gration time, 3 min; spectral coverage, 

48 nm. 


MT ST HELENS ASH 
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FIG, 4.--Raman spectrum of a crystalline 
particle isolated from bulk sample of Mount 
St. Helens volcanic ash. Measurement para- 
meters: exciting wavelength, 514.5 nm; laser 
power (at sample), 80 mW; beam spot, about 2 
um diameter; substrate, sapphire; particle 
size, 10 *X 14 um; integration time, 75 s; 
spectral coverage 24 nm. Lower trace is a 
reference spectrum ofa-Si09, obtained from a 
microscopic particle of single-crystal na- 
tural quartz. (Source: Smithsonian Insti- 
tution. ) 
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POLYSTYRENE 
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FIG, 3,--Raman spectrum of polystyrene latex 
microsphere. Measurement parameters: exci- 
ting wavelength, 514.5 nm; laser power (at 
sample), 12 mW; beam spot, about 15 um dia- 
meter; substrate, sapphire; particle size, 
about 15 um diameter; integration time, 3 
min; spectral coverage, 80 nm. 


is to some degree optically absorbing at 
514.5 nm and can tolerate only relatively 
low laser power densities in the absence of 
effective provisions for thermal transfer to 
the supporting substrate.*°> With this type 
of a microsample, the overriding analytical 
problem is sample stability under potentially 
destructive conditions of laser-induced 
heating. With this sample, the largest 
practical wavenumber coverage available from 
this instrument is demonstrated. By use of 
a slit width of 20 mm at So, with the band- 
pass centered at 571 nm, spectral coverage 
from 610 to 3070 cm‘ was achieved. All the 
principal features of the spectrum in this 
frequency range are observed. The spectrum 
was acquired in 3 min of signal integration, 
a time advantage in the acquisition of the 
vibrational "finger-print" by a factor of 
about 18 compared to the corresponding spec- 
trum (of comparable signal-to-noise ratio) 
obtained in a conventional microprobe with a 
scanning spectrometer. 

Unknown "real-world" samples of micro- 
particulates are routinely analyzed in this 
instrument, in parallel with measurements in- 
volving other microprobes (e.g., electron and 
ion beam instruments) as part of a materials 
research program. In recent work, a bulk 


sample of Mount St. Helens volcanic ash was examined to characterize the major molecular 

species in individual particles of the ash. Initially, particles of interest (ranging in 
size from about 2 un to 15 um) were selected by optical microscopy in an ash sample dis- 

persed on sapphire substrate. 

The particle whose spectrum is shown in Fig. 4 was of irregular shape and just under 
15 um overall. A focused laser spot of fairly high intensity (about 2.5 MW/cm*) was used to 
probe the particle in six different areas. The spectra of the different probed regions of 
the particle were essentially identical to that shown in Fig. 4, which indicates gross 
homogeneity of the particle. In these measurements, the best possible spectral resolution 
(on the order of 6-7 cm ') was desired together with complete rejection of the laser line 
in the low-frequency region of the spectrum. These requirements meant the use of the 20mm 
output lens in conjunction with a 6mm aperture (for a 24nm bandpass) at slit position So. 

The choice of these experimental parameters allowed investigating the 100-960cm ! region 
of the spectrum. Spectra were collected by extended delay target integration to achieve 
good signal-to-noise ratios. 

The strongest line in the spectrum maximizes at 463 em * (according to detector calibra- 
tion) and is consistent with the corresponding band reported!* for a-quartz at 466 cm !, Two 
other references!?’!* report the peak position of this band at a frequency of 465 and 464 
cm ?, The two low-frequency lines serve as further confirmation of a-quartz as the major 
component of this particle, since they correspond very well with the bands for crystalline 
silica expected at 128 and 206 cm ?,!* Well over a third of the particles examined in one 
sample preparation furnished spectra exhibiting a sharp band at 463 cm+. However, in the 
spectra of some particles, the gradually increasing spectral background toward the wing of 
the exciting line made it difficult to detect the suspected presence of the two low frequency 
bands associated with a-quartz. As further evidence of the presence of a-SiO02 in many of 
these particles, the reference spectrum of a particle of geological quartz is shown in the 
lower portion of Fig. 4. 

Although a-quartz is definitely a major component in this and other such particles of the 
volcanic ash, there are additional minor spectral features from other, secondary constituents. 
The most pronounced spectral features not accounted for by the spectrum of a-quartz appear 
at frequency shifts 435 and 513 cm’. The relative intensities of these two bands, with 
respect to the normally strong 463cm ! line, have been found to vary among the spectra of 
different particles analyzed. In some cases, the 513cm * band was twice the intensity of 
the 463cm ? band. In other cases, the 513cm ' peak was not present at all. Although it is 
not apparent in the spectrum of Fig. 4, we detected a weak band with peak position at about 
420 cm’ in probing other regions of this same particle or in the spectra of other, similar 
particles. The origins of these bands have not been firmly established, although several 


possibilities are suggested. ; : 
Recent Raman investigations!*’!° of macroscopic bulk samples of Mount St. Helens volcanic 


ash provide evidence for a band maximizing at 512 cm +. This peak has been attributed to 
the presence of plagioclase feldspar in the ash matrix. As part_of this same study, these 
workers also report a sharp spectral feature with peak at 416 cm‘, which they assign to 
the presence of cristobalite, one of the geologically common polymorphs of crystalline 
silica. Thus, the occasional presence of a weak band around 420 cm ~ may well be attrib- 
uted to small amounts of cristobalite in particles composed predominantly of a-quartz. 


Coneluding Comments 


The multichannel detection Raman microprobe in use at the McClellan Central Laboratory 
has a distinct multiplex advantage not possessed by conventional monochannel-detection scan- 
ning microprobes. The present configuration of the instrument permits Raman spectral cov- 
erages of up to 2600 cm! in typical data acquisition periods ranging from a few seconds to 
several minutes. For most analytical samples, a time advantage in data collection approach- 
ing a factor of 20 can be realized under typical conditions of the micro-Raman experiment. 
The demonstrated rapid acquisition of microparticle Raman spectra has significant implica- 
tions for the analysis of "difficult" microsamples subject to potential chemical/physical 
modification by prolonged exposure to the high-intensity focused laser radiation. The re- 
sultant decrease in spectral resolution from multichannel detection with broad spectral 
coverage is not a serious limitation in analytical work where qualitative identification of 
the principal molecular species is the primary goal. Computer control of the detection and 
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data acquisition system greatly facilitates the recording and housekeeping of spectra from 
microsamples. Other advantages result from the ease of wavelength calibration, line or Raman 
band identification, data storage and display, signal measurement, spectral subtractions, and 
various other kinds of data manipulation. It is clear from this research and parallel work 
in other laboratories*® '° that current, significant developments in multichannel micro- 
Raman systems will profoundly aid in advancing the field.*° 
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INFRARED AND RAMAN SPECTROMETRIC STUDIES OF THIN FILMS AND INTERFACES 


René Dupeyrat and Michéle Masson 


Spectrometric studies of thin films and interfaces are one important aspect of microprobe 
spectrometry. For many years, workers with interests in physics, chemistry, or biology 
have published numerous papers concerning the interaction between two media at an inter- 
face (powders, vesicles); and more recently, on the structure of thin films, whether crys- 
talline or not. We may ask, what is an interface and what is a thin film? By way of an- 
swer, we must consider the limit of a bulk material as the case in which the potential 
function no longer retains its spherical symmetry. Under that condition, we are in the 
vicinity of an interface. We can give an order of magnitude of this "vicinity" by saying 
that it is around ten molecular dimensions in thickness with respect to the geometrical 
separation of two phases. 

We define a thin film as a film limited by two interfaces and for which its thickness 
is around twenty molecular dimensions. From above we can think of the center of the film 
as not being different from a bulk material except for a crystalline one. 

We can pay special attention to multilayer films and in particular consider mono- and 
double-layered films. Quite generally, solid thin films are better understood in spectros- 
copy than are liquid thin films. We can make some statements about (1) solid thin films 
such as metallic oxide, thickness below 30 A, and multilayers of phospholipids, thickness 
below 500 A; and (2) liquid thin films not yet studied in spectroscopy but well known by 
workers studying interfacial forces, thickness depending on the nature of liquids (minerals 
or organic such as polymers) .! 

In the case of an interface we cannot now provide information on a well-defined slice 
of the sample. In the case of a film we can give an average spectrum of the entire film 
with its own thickness. 


Spectrometrite Study of Interfaces 


Raman. It is not necessary in this case to have well-characterized thin film (known 
thickness, etc.) to obtain a good spectrometry; for example, the cases of powders , 3 lame1- 
lar phases,*~* or vesicles are well known in terms of the Raman effect. 

All these spectrometries have as a common goal the increase of the ratio of interface 
area to sample volume. 

Using these methods, we have no problems with the qualitative analysis or determination 
of interactions (shift of frequencies, degeneracy, intensities); however, they. do not allow 
us to obtain information about relative orientational properties of the molecules (except 
for oriented lamellar phases); that is the reason for the interest in thin films. 


Infrared. One convenient method, well known in infrared technique, is attenuated total 
reflection (ATR).> For a plane interface, we can use a continuous spectrum source and 
send the beam to a reflecting interface; after a single pass or several passes we obtain 
the absorption spectrum of the interface, which has to be realized with two media of re- 
fractive index n, and no. If the beam enters medium 2, we have total reflection for 
nN] < Ny; the evanescent wave in medium 1 has a depth of penetration of around A/5 and it 
is in a layer of this thickness that we have absorption. It is a relatively thick layer 
(generally more than ten molecular dimensions). 


The authors are with the Départment de Recherches Physiques, Laboratoire associé au 
CNRS No. 71, Université Pierre et Marie Curie, 4 place Jussieu, 75230 Paris Cedex 05, 
France. 
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Spectrometric Study of Thin Films 


A plane parallel thin film is limited by two interfaces and its spectrometry allows not 
only a qualitative analysis and the determination of interactions but also the determina- 
tion of the structure and the orientation of vibrating groups. 

This spectrometry is a microprobe spectrometry but it is different from the usual case. 
The quasi-spherical sample of the usual case is here a flat sample. 


Raman Spectrometry. If we assume the resolution of a Raman microprobe to be around 1 
cubic micron of sample, in the case of a thin film of thickness t = 200 A, we need a film 
of area 1 um?/t = 50 um, It is necessary (a) to use a special coupling between microscope 
and SPSL UROMe ters and (b) to use a special device to provide effective illumination of the 
sample. 


IR Spectrometry. A good review appeared recently in a paper by Chollet’ concerning 
absorption spectrometry and reflection spectrometry of thin films, as follows: (a) absorp- 
tion spectrometry of Langmuir-Blodgett films spread on a transparent substrate, and (b) re- 
flection spectrometry of Langmuir-Blodgett films spread on a metallic mirror. It is pos- 
sible for these two cases to perform dichroism measurements and to give the same informa- 
tion about orientations as in the Raman effect. 


Results 


The published results are numerous in the case of the Raman effect. We now give a 
short list of papers published in the field of Raman and IR spectrometries. 

In Raman, the thickness limit is generally of the same order of magnitude with reson- 
ance® or without resonance.? It is of the order of one monolayer of an organic molecule. 

The papers generally deal with solid-state samples, whether well defined (films spe- 
cially prepared for the spectrometry) or not. Investigations of films of large thickness 
were published, for example GaAs!9 and organic polymer films.?! 

Among the studies of films not specially prepared we can give results from numerous ex- 
periments on adsorbed films; these experiments are generally realized with the resonance 
effect. This is the case for adsorbed species on solid surfaces; a recent review has been 
given by Yamada. !2 

Experiments on interfaces of semi-conductors have been performed by Griffiths.13 A re- 
view is given by Ramsey.!* With oriented multilamellar phases experiments have been real- 
ized by Peticolas.*-!5 A lot of experiments have been described at the liquid crystal con- 
gress.!©-!7 In IR, the papers on ATR are well known, The best approach is given by Har- 
rick.° . good review for the case of specially prepared films is given in the thesis of 
Chollet. 


Coneluston 


Raman and IR spectrometries of interfaces and very thin films are now possible. The 
difficulties are related to the focal depth of the microscope objective and to the heating 
of the sample. As explained by Dhamelincourt,!? with the MOLE Raman microprobe we use the 
focal depth imparts a limitation on the Raman spectrum from the surrounding medium. Re- 
cently, Adar! 8 gave an estimate of focal depth of 2.5 um and a beam waist of 0.7 pm. In 
the case of a thin film 10 to 20 nm thick, the microscope sees generally a larger thickness 
of the substrate than of the useful film. That is why metallic films (silver,° gold, iron) 
or absorbing films are used as substrates. 

At present we have the problem of laser-induced heating. 

If the flat sample has a better ratio of area to volume that allows a good dissipation 
of the nearing, the metallic or absorbing substrate is not so good and we are not as opti- 
mistic as Etz“* in a recent paper. 

But we agree with the conclusions of all the other that an advantageous approach ap- 
pears to be the use of a multichannel Raman microprobe, which reduces the time of laser ir- 
radiation by a significant factor. As Etz has put it, "Future research efforts in this 
field will aim at [the investigation of] the effects due to optical absorption [and] the 
contributions to the scattered intensity by "surface" and "bulk" modes... ."2° 

Looking toward the future, we hope the forthcoming progress in Raman spectrometry of 
thin films and interfaces will be the recording of spectra of slices of 20 A thickness in 
a film and the scanning of these slices. As to IR spectrometry, we have an analogous prob- 
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lem. To reduce the heating, it is easy to direct a monochromatic flux at the sample that 
can be obtained by the coupling of two monochromators, one for the irradiation and the 
other for absorption. 

To increase the ratio of useful spectrum to substrate spectrum, we can also use a me- 
tallic substrate as proposed by Chollet.’ 

We conclude that the molecular spectrometry of very thin films and interfaces will be 
of central interest for the next few years. 
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RAMAN MICROPROBE STUDY OF THE PENETRATION OF AN ANTIBIOTIC IN A THIN FILM 
OF PHOSPHOLIPIDS WHICH CONTAINS CHOLESTEROL 


Michéle Masson and René Dupeyrat 


Microprobe Raman studies of thin films require a special association of a microscope and a 
Raman spectrometer and unique conditions of laser irradiation. Under these conditions, we 
can calculate, from the depolarization measurements, the orientation of amphotericin in the 
phospholipidic film. It is clear to everybody that the smallest volume of a sample which 
allows us to obtain, with a given resolution, the Raman spectrum--using a commercial in- 
strument--is a trivial test of the performance of the spectrometer. In the MOLE Raman mi- 
croprobe this volume is of the order of a cubic micron, Generally we speak of a cubic 
"cubic micron,'' but in films 20 or 40 A thick we need a larger area than a square micron, 
as well as a special arrangement between the microscope and the spectrometer and a special 
device for illumination. This is the situation realized in our instrument. With this sys- 
tem we measure the orientations of molecules in a film; in the present experiments, of 
amphotericin molecules in a phospholipidic film. We describe briefly the arrangement of 
the combination microscope/spectrometer, the conditions of illuminating the sample, the 
measurements of depolarization ratio, and the results from the sample under study. 


Condtttons of the Spectrometer/Mticroscope Combination 


The rule is to use the Abbe invariant njA;By sin uj each time we have an intermediary 
image and a diaphragm. In fact this allows us to define the étendue (throughput) of the 


beam (Fig. 1): 1 + cos u, 
L 


e = n2S.Q. 
diaphragm did 2 
which is an invariant across the microscope or the spec- 
Bi trometer along the beam. 
Each instrument has an intrinsic étendue but in com- 
bination with other components this étendue can be reduced 
ni owing to the presence of new stops or diaphragms. 
We can verify that the intrinsic étendue of the micro- 
scope is larger than that of the spectrometer. The com- 


Ai 


FIG. 1.--Abbe invariant: A,B; = bination reduces it because the rectangular slits of the 
length of object (ith image) , spectrometer (or the images of the slits) reduce the cir- 
uj = aperture angle of ith cular field of the microscope. 

diaphragm, n; = refractive in- The sample is conjugated with the entrance slit of the 
dex in vicinity of A;B;. spectrometer, and the entrance pupil of the microscope 


with the grating of the spectrometer (projection of the 
grating on the first mirror of the spectrometer; Fig. 2). 
The diameter of the microscope pupil image on the first 
mirror is about 80 mm. 

In the plane of the entrance slit we have the field 
image (circular) of the microscope, where f is the width 
of the slit and Kf is the diameter of the field (Fig. 3). 
The useful area of the slit is approximately Kf*, and the 
FIG. 2.--Projection of grating maximum useful étendue of the spectrometer is 
in plane of first mirror. 


The authors are with the Départment de Recherches Physiques, Laboratoire associé au 
CNRS No. 71, Université Pierre et Marie Curie, 4 place Jussieu, 75230 Paris Cedex 05, 
France. 
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Ir where D is the focal distance of the mirror (distance be- 
= tween slit and mirror). 
If only a part of the microscope field is illuminated, 


— a the étendue becomes 
FIG. 3.--Image of objective ES a 5 
field of microscope on slit 
entrance of spectrometer; where w = radius of the illuminated field of the micro- 
f = slit width. scope AB = radius of the total field. 


The radius of the illuminated circle in the entrance 
slit plane is assumed to be larger than f. 
If the numerical aperture of the objective is 0,, the étendue af the microscope is 


= 2 
eu ™SO” 
where S is the area of that part of the sample whose image is inside the entrance slit 
wAB 
Poe ie, 
= 2 wAB 
ev 4n0r on a 


Instrument Combinatton 


For a good match we need to realize the condition ey = €',. This allows us to deter- 
mine the length of the slit we have to illuminate; 
Ke = 42 apo 
d n 
where Kf represents the useful length of the slit. This length is independent of the 
waist, but we have to adapt the waist and the beam power to the thermal sensitivity of the 
sample. 
We have now calculated the optical device that couples the microscope and the 
spectrometer. 


Irradiation of the Sample 
We use two methods, one direct, the other interferential. 


(1) The sample is spread on a metallic surface (Fig. 4). (a) We send the laser beam 
along a large angle of incidence; the electric field Ey) of the wave is parallel to the sam- 
ple. The Raman flux is collected by a microscope objective with its axis normal to the 
sample plane; i.e., we have a cone of angle u around the normal. (b) We direct the laser 
beam at an angle of nearly 90°, with Eq perpendicular to the plane of the sample. The 
Raman flux is now collected by a microscope objective with its axis in the plane of the 
sample, 

(2) The thin film is used as a resonant cavity for incident light; e.g., as wave- 
guide,!>»?2 or other devices such as a silver-coated prism (Fig. 5), to allow concentration 
of energy;%** or a film spread on a grating.° 


In the first method of illunination we have to use an objective with a long working 
distance, which involves a smaller numerical aperture and consequently a loss of sensitivity 
of the device. On the other hand, one can also cool the sample, by putting it close to a 
hollow block of copper cooled with water, which allows heating of the sample as well. 

In the second method of illumination we can use a classical objective lens, with a 
large numerical aperture. Generally we use the 100x objective with numerical aperture 


0, = 0.90 
n . ° 

It is not always possible to use this second method of illumination, for the following 
reasons. 
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a. For an incident TM wave (Eo in the incident plane), it is possible to excite the 
plasmon whatever the film thickness; but the structure of the wave in the film is not sim- 
ple, which complicates the interpretation of the spectra. 

b. For an incident TE wave (Eg perpendicular to the incident plane), there is no plas- 
mon excitation, but a cavity resonance can occur only for a film thickness larger than a 
limit e,. In our experiments eg = 140 nm. If the resonance condition is satisfied, the 
wave in the film is TE, and the analysis of the spectra is the same as for a classical 
method of illumination. 

c. The cooling of the sample is not easy in this method. 


b x > 
] 
! Lt | WA 
I x | 
Y sample 


UL 
{ 
= 1 eee aces 
Eo high refractive 
é. index prism 
(rutile) 


FIG. 4.--Irradiation of sample with Eo (a) paral- FIG. 5,--Prism coupling device. 
lel to plane of sample, (b} perpendicular to 
plane of sample. 


Spectrometric Results 


The large numerical aperture of the objectives used allows us to obtain information on 
the molecular orientations from polarization measurements, even in cases of illumination 
that furnish no results with an objective of smaller aperture. 

We calculated the Raman intensities collected for the two polarizations of the inci- 
dent light and of the Raman light, when the Raman light is collected over an angle u. 
plane of Assuming that the amphotericin molecules in the film 

the film are uniaxially oriented with respect to the Z axis by an 
angle ¢, with all values of @ equally possible, we can 
calculate the depolarization ratios versus ¢ angle (Fig. 


4 
9 
U 
ZS 6). For the configuration of Fig. 4(a), 


FIG, 6.--Orientation of ampho- 
tericin molecule in film. 


=o 2 = 3 as 5 2 1 J 3 = 1 = 5 
Iyy 6 [10(1 - cos u) + 3 (1 cos’u) + 2(1 cos u) }tan o + 5 (1 cos °u) 3 (1 cos u) | 
I 7 1 = 4 i 3 6 = 5 2 i 7 3 - i i ) 
YX le [6(1 cos u) - 3 (1 cos°’u) + 5 (1 cos u)] tan o + lz (1 cos °u} 5 (1 cos u) 


This function is plotted for various values of the numerical aperture of the objective 
lens in Fig. 7. 
For the sample illumination and obseryation shown in Fig. 4(b), 


[(1 - cos u) + = (1 - cos3u) - 2 (1 - cos5u)]tan2¢ + [3(1 - cos u) + S (1 - cos3u) + 2 (1 - cos®u)] 


[3(1 - cos u) + 2(1 - cos®u) - = (1 - cos $u) ]tan2¢ + [a - cos u} - S (1 - cos3u) + = (1 - cos‘u) | 


t7 
Toy 


Noe] 


This function is plotted in Fig. 8. 

From measurement of the same sample (20% cholesterol, 80% phospholipid) we can say 
that in this film ¢ < 17° for the molecule of amphotericin (spectra whown in Figs. 9 and 
10). 

We studied samples with different concentrations of cholesterol (0 to 50%). For all 
the samples we find that the amphotericin molecule is nearly perpendicular to the plane 


291 


of the film. This result is in agreement with the isotherms of the monolayers drawn by 
Michéle Hug of the Laboratoire de Chimie Physique, Université Pierre et Marie Curie. 


lyy 
Tyx lzz 
sin u= 04 Izy 
3 sin u = 0,2 : Jf : 
sin u =0,6 200 
400 
60 
: $0 
sin u = 0.9 40 
30 
20 
40 
6 
§ 
2 
3 
2 
? 
Qo 
30 90 
4 @ 
0 30 50 90 
FIG, 7.--Graph of Tyy/lyx for the case of FIG, 8.--Graph of I77/Izy for the case of 
Fig. 4(a) Fig. 4(b). 
lyy Tyx lyy lyx lyy Izz Izy lzz 


FIG. 9,--Recorded spectra for the case of FIG. 10.--Recorded spectra for the 
Fig. 4(a). case of Fig. 4(b). 
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Coneluston 


We have defined and realized a special combination of a spectrometer and a microscope 
that has allowed us to study the orientation of amphotericin in a model membrane of phos- 
pholipid. When we introduce cholesterol (0 to 50%) in the phospholipidic film, this ori- 
entation is defined by an angle with the normal of about 15°. This result is in agreement 
not only with other works on isotherms but also with the ideas of biologists.® 
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MICROANALYSIS OF INDUSTRIAL POLYMERS BY RAMAN SPECTROSCOPY 
B. W. Cook and G. D. Ogilvie 


Chemical and physical properties influence the end uses of industrial polymers. Studies 
of polymers as solids (the physical state of most industrial polymers) require analytical 
information describing both the chemical and physical structure. 

A polymer is a macromolecule constituted from molecular chains and networks composed 
of sequences of repeat units forming a regular or disordered arrangement. The vibra- 
tional spectrum depends on the nature of the chemical repeat unit and its relative posi- 
tion in the molecular chain (configuration). Ideally a full description of the struc- 
tural model would require a complete vibrational assignment, but that is seldom possible 
and the model is usually defined through empirical correlations of spectral bands with 
chemical units ("finger printing"). 

The Raman spectrum provides unique information for describing both the chemical and 
physical states of order of the polymer. Through the directional properties of Raman 
scattering the molecular symmetry of the polymer can be studied. The relative geometry 
of the repeat units (conformation) can be determined and their degree of regularity in 
the network (crystallinity) estimated; and the alignment of the chain molecules (orten- 
tatton) can be studied. 

These features are illustrated in the description of the role of Raman spectroscopy 
for analysis of microstructures in some industrial polymers. 


Historical Perspective: The Fluorescence Problem 


For a long time Raman studies of polymers were discouraged by the high fluorescence 
induced by the exciting radiation, which often completely “swamped"' the much weaker Raman 
emission. To some extent the high fluorescence background levels observed during the 
spectral measurement can be offset by application of a backing-off potential (zero 
suppression), but this procedure creates a further problem because the noise level is 
increased with suppression, even though the S/N ratio is unchanged. 

With the advent of the laser as a Raman source the fluorescence problem became less 
severe. The improvement is achieved by allowing the fluorescence to decay with time 
through prolonged irradiation of the sample with the laser beam before the spectrum is 
recorded. The high irradiance of the laser induces excitation of the chromophore to a 
metastable excited state and its subsequent photodecomposition. 

Microscopic examination sometimes reveals that the fluorescence varies from point to 
point within a bulk sample, since it is often associated with localized chromophoric 
centres. Imaging techniques can be used to locate the fluorescent and nonfluorescent 
regions from which Raman spectra can be obtained with the microprobe. Figure 1 compares 
Raman spectra obtained by probing of such regions in a polyester filament of diameter 
approximately 20 um. 

Despite fluorescence, for long the bugbear of Raman spectroscopy, the Raman spectra of 
most industrial polymers can now be obtained without difficulty. 


Author Cook is at Imperial Chemical Industries, PCL, Mond Division, Runcorn, England; 
author Ogilvie (formerly at Imperial Chemical Industries, PCL, Fibres Division, Harro- 
gate, England) is at the University of Bradford, School of Chemistry, England, BD7 ldP. 
Lynda Dufton (ICI Fibres) and Dave Louden (ICI Mond) gave experimental support. Pro- 
fessor D. A. Long (University of Bradford) and Prof. I. M. Ward (University of Leeds) 
contributed critical advice. The work was carried out within Imperial Chemical 
Industries PLC, who gave their permission for publication. 
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Analysts of Chemtcal Compost- 
tton 


Spectroscopic methods 
(infrared and Raman) have 
always been favored for the 
analysis of synthetic rub- 
bers produced by copolymeri- 
zing propylene and ethylene. 
The micro-Raman technique 
in proving uniquely valuable 
for characterization of the 
microscopic inhomogeneities 
(1-5 um) which sometimes 
separate in these block 
copolymers or blends. 

With conventional re- 
flected or transmitted light 
microscopy it is difficult 
to distinguish these inhomo- 
geneities from the surround- 
ing matrix because they have 
similar refractive indices, 
so that either phase con- 
trast or differential in- 
terference contrast (DIC) 
microscopy has to be used.’ 
When viewed by DIC optical 
microscopy some commercial 
propylene-ethylene rubbers 
have a lunar landscape 
appearance consisting of 
a random distribution of 
smooth and crater-like pha- 
ses (Fig. 2). Characteriza- 
tion of the separate phases 
by DIC optical microscopy 
had been previously confined 
to their size and shape. 

The smooth phase was thought 
to be the homogeneous mix of 
the propylene and ethylene 
copolymers and the composi- 


500 1000 1500 cma tion of the separate crater- 
FIG. 1.--Distribution of fluorescene in filament like phase was not known. 
spectra: (a) fluorescent area, (b) nonfluorescent We have analyzed some of 
area. these materials using the 


Raman microprobe. Useful 

Raman spectra have been obtained from samples about 3 um thick. Differentiation of the 
phases was improved by evaporation of a very thin (20A) coating of aluminum on the polymer 
surface. The matrix (A in Fig. 2) showed the spectral features of the propylene-ethylene 
copolymer. The spectrum of the separated phase (B in Fig. 2) showed an increase in the 
bands near to 1450 cm’. Subtraction of the matrix spectrum from the spectrum of the 
separated phase gave a difference spectrum characteristic of polyethylene. 

Configurational isomers (ets and trans) arising from a stereoisomeric center such as 
a C=C band show characteristic bands in their vibrational spectra.” Thus, in the Raman 
spectra of polybutadienes the various configurations are characterized by the C=C stretch- 
ing vibration at 1664 cm’ in trans-1,4-polybutadiene, 1650 cm? in cis-1,4-polybutadiene, 
and 1639 cm? in syndiotactic-1,2 polybutadiene. 
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FIG. 2.--Separate phases in copolymers. 


These configurations distinguish different chemtcal states, which exist in all phases 
and are determined by the synthesis route or polymerization catalyst used. The stereo- 
chemistry of polypropylene provides a contrasting example. The Raman spectra of the 
atactic, tsotactic, and syndiotactic forms differ considerably below AV = 1000 cm ? 
because they represent conformational isomers. These differences disappear in Raman 
spectra taken in solution or in the melt. The spectral differences therefore characterize 
the conformattonal regularity of the polymer chain, although they arise originally from 
the stereoregularity imposed through the stereospecific function of the polymerization 
catalyst. 

A conformational band is associated with a particular intramolecular arrangement in 
the polymer chain.” Figure 3 shows the changes in the Raman spectra of polyethylene 
terephthalate fibers which occur as the fibers age. The band shown has two peaks at 
1118 cm? and 1097 cm! and is assigned to an aromatic C--H in-plane bending mode. The 
1097cm ' peak is associated with the planarity of the terephthaloyl unit in the crystal- 
line regions. Its Raman intensity increases as a consequence of the gradual and sponta- 
neous relaxation of the intramolecular strains imposed during the spinning process. The 
molecule attains the thermodynamically more favored planar conformation due to rotation 
of the carbonyl groups about the carbonyl-phenylene bond. This spontaneous change of 
conformation has a major influence on the textile performance of the fiber since it means 
that fibers of different age will contain varying states of order which govern such 
important end-use properties as dyeing regularity. 


Analysts of Morphology 


The crystalline state of a polymer is the highest state of order in a regular 3- 
dimensional network of polymer chains. It requires a regular arrangement of the conforma- 
tional states within each polymer chain (l-dimensional cyrstallinity). Conformational 
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bands in vibrational spectra have been used to characterize crystallinity. 

The degree of crystallinity in polyethylene terephthalate is obtained by measure- 
ment of the bandwidth of the carbonyl stretching vibration at 1730 em?.3 This method 
has been useful in the analysis of textile defects in polyester fibers. Figure 4 shows 
a polyester filament containing birefringent discontinuities. The Raman bandwidths of 
the C=O band recorded with the laser focused in different regions within the filament 
reveal different degrees of crystallinity. A linear relationship was found for fila- 
ments with varying degrees of orientation. * 

Generally, with increasing crystallinity the associated conformational bands show 
decreasing bandwidths. The Raman carbonyl bandwidth in polyethylene terephthalate is 
a measure of the conformational disorder in the molecule due to rotations of the 
carbonyl groups about the carbonyl-phenylene bond; the C=O groups are rotated out of 
the plane of the ring by varying amounts. As the polyester crystallizes and its density 
increases, the structure tends to become more planar and resonance stabilized. The 
rotational disorder decreases, as demonstrated by the narrowing of the Raman carbonyl 
bandwidth. Amorphous density may increase with increased orientation without an 
appreciable increase in the population of the planar trans terephthaloyl units which 
must occur as the polyester crystallizes. Therefore the Raman carbonyl bandwidth may 
give a better indication of the degree of crystallinity than is provided by the density 
measurement. 

Raman scattering has directional properties governed by the molecular symmetry and 
the optical geometry used in the experiment. The Raman intensity depends on the electric 
vector of the exciting radiation, the viewing geometry of the spectrometer, and the 
symmetry of the vibrational mode concerned. The symmetry associated with the Raman 
band can be defined by the polarization ratio po. Depolarization ratios are defined 


6 (8) = "1, (0)/"5, (8) and ,(6) = 1, (8)/"1, (8) 


where the superscript preceding I defines the relation of the incident electric vector to 
the scatter plane and the subscript following I defines the relation of the electric 
vector of the scattered radiation to the scatter plane.” (A scattering plane is the 
plane containing the direction of propagation of the incident radiation and the direc- 
tion of observation, which make an angie 6.) 

Generally, the fewer the number of optical components in the optical path the 
closer to the true values are the measurements of 0. Unfortunately microscopes usually 
contain several light-transfer optics involving reflection, refraction, absorption, and 
diffraction phenomena that complicate the measurements. In Raman experiments with 
optical systems like MOLE (where 9 = 180°), the most serious errors are caused by the 
beam splitter or semitransparent plate, which functions so that the laser radiation 
entering the sample and the scattered radiation leaving it use the same optical path 
within the microscope. 

Correction factors to account for these optical effects can be derived by calibra- 
tion of the optical system from white-light measurements and by Raman depolarization 
measurements of substances with known values of 9 (e.g., COLA ye" 

The optical effects can be eliminated by minimization of the selective reflection 
and transmission characteristics of the beam splitter. Figure 5 shows alternative 
designs used to measure the depolarization ratios of CCl, vibrations that are listed 
in Table 1. The standard plate reflector (as used in the MOLE) gave the greatest 
error and the prism reflector gave depolarization ratios close to the reference values. 
A smaller error is that due to the large collection angles of the high-magnification, 
high-numerical-aperture objectives. This error was found to be small compared with that 
of the reflector. 

Quantitative measurements of the anisotropy in solid polymers require a more 
complicated mathematical treatment of the Raman data than is provided by the depolariza- 
tion ratio. For transversely isotropic polymers such as uniaxially drawn polyethylene 
terephthalate a quantitative relationship exists between values of cos*6 and cos*6 
determined from refractive-index measurements and from Raman measurements, where @ is 
the angle between the molecular chain axis and the direction of the orienting force 
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(the draw direction). In practice the 
degree of orientation in polymers is 
defined by the orientation functions Pp» 
and Py where Po = (3 cos? - 1) and 
Py = 35/8 cos"9 - 15/4 cos*O + 3/8, 
Py = 0 and cos76 = 1/3 for a completely 
nonoriented or isotropic polymer, whereas 
for a perfectly oriented fiber, Po = 1 = 
cos*@. (The bars indicate averaging.) 
Measurements of orientation in 
polyester filaments require the filament 
positioned with its draw axis Ox 3 per- 
pendicular to the plane defined by the 
incident laser beam Ox;. In the 180°C 
Raman experiments in which microscope 
systems are used the Raman scattering 
Plane glass (1) Plane glass (2) is also observed along Ox,;. The laser 
radiation is polarized parallel to Ox, 
or Ox3 and the analyzer is set to 
transmit scattered radiation polarized 
parallel to Ox; or Ox3. The correspond- 
ing Raman scattering intensities to be 
measure are 133, Ioe3, and 111, where 
I;; is the Raman scattering intensity 
measured when the laser beam is 
polarized parallel to Oxj and the 
polarization vector of the analyzer is 
parallel to Oxi. Using the method of 
Purvis, Bower, and Ward we obtain the 
equations which can be solved for 
Po and Py.” (A is a constant.) 


I33 = A(0.169 + 0.512 Py + 0.318 Py) 
I13 = A(0.093 + 0.066 P» - 0.160 Py) 
Cube Prism T11 = A(0.169 - 0.256 Py + 0.119 Py) 


FIG. 5.--Beam splitter schematics. 


The errors from polarization scrambling due to reflection and refraction within the 
sample can be eliminated by immersion of the filament in a liquid with a similar refractive 
index. Table 2 compares the values of orientation functions for some polyester fibers 
obtained from measurements of refractive index (birefringence) and Raman scattering by 
use of the ring band at AV 1616 cm*. Raman measurements of orientation in polyester 
filaments by this method have provided a new tool for investigating drawing faults in 
polyester fibers. 


Conelustons 


By use of imaging techniques to locate nonfluorescent regions, Raman spectra of 
synthetic polymers can be measured routinely with Raman microscope systems. Chemical 
compositions, molecular configurations, and molecular conformations in polymers are 
identified through their Raman vibrational frequencies. 

The Raman microprobe is a useful nondestructive tool for investigations of polymer 
morphology at the microlevel (1 um) through measurements of Raman bandwidths. Quantita- 
tive measurements of localized molecular symmetry in oriented polymers are possible from 
Raman polarization experiments if the errors by optical effects in the system and 
polarization scrambling in the sample are eliminated. 
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TABLE 1.--Carbon tetrachloride depolarization ratios by Raman microprobe. 


Reflector 


Objective Plane Glass(1) {Plane Glass (2) Prism 


Mag’ NA 2% |459 314, 218 |459 314, 218 |459 314, 218 |459 314, 218 
cm cm cm cm 


S.  Oel. 2125710103 0.54.0. 54 (O02: 0260-0261 10203: 0.668:0.7210.02 0.75 0.75 
20 0.4 47.2°}0.02 0.53 0.53 [0.02 0.62 0.6310.03 0.65 0.67/0.03 0.74 0.76 
60 0.8 102.3°/0.02 0.54 0.54 {0.02 0.63 0.64/0.03 0.67 0.64)/0.04 0.78 0.80 
100 0.9 128.3°}0.04 0.54 0.53 j0.02 0.64 0.65/0.03 0.67 0.6810.04 0.79 0.82 


Reference 0.01 0.75 0.75 Po at 


TABLE 2.--Measurement of orientation in poly- 
ethylene terephthalate filaments. 


| Orientation Coefficients 


Filament fp 


Sample Refractive Index 


Micro Raman 


P2 
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A NEW SPECTROGRAPH WITH A MULTICHANNEL OPTICAL DETECTOR FOR THE RAMAN CHARACTERIZATION 
OF MICROPARTICLES 


F. J. Purcell and E. S. Etz 


Viewed under a microscope, most solid substances are far different from what they seem to 
thenaked eye. Many materials appear as inhomogeneous arrays of particles, crystals, un- 
defined "blobs,'' and phases with vague boundaries between them. Since the chemical, physi- 
cal, and biological properties of real-world macrosubstances depend directly on their 
composition and structure at the microscopic level, there has been an increasing emphasis 
on microscopic analysis in recent years. 

No single technique is sufficient for such analyses. Often merely the identification 
and quantification of the elements present are all that is needed. Research on alloys is 
one example; various types of microprobes have proved excellent for such research. What 
is needed for most other substances are molecular probes that can discern the structural/com- 
pound composition of tiny crystals, dust particulates, or biological celis. Une technique 
gaining a rapid foothold is micro-Raman spectroscopy.” Since a laser beam can be focused 
down to less than 2 um in diameter, tiny particles and tiny areas within larger samples may 
be analyzed. Moreover, because Raman spectroscopy, like its well-known counterpart infra- 
red spectroscopy, yields a molecular "fingerprint" of the substance, its complete iden- 
tification is often straightforward. 

One of the drawbacks of micro-Raman analysis is the potential for irreversible modifi- 
cation (sometimes to the point of destruction) of the sample by the high-intensity laser 
spot--hardly surprising, since the power density of the focused laser beam at the sample 
ranges from kilowatts to megawatts per square centimeter. A second major limitation of 
micro-Raman analysis is common to macro-Raman as well: the Raman effect is exceedingly 
weak. 


Mtceroprobe Destgn 


One way around both of these problems is to employ spectrographic dispersion with multi- 
channel detection. Instead of acquiring the spectrum point by point, as with a scanning 
monochromator coupled to a photomultiplier, a multichannel detector views at any given 
instant a spectral band or in many instances a complete Raman spectrum. The system de- 
scribed is designed to meet the stray-light, spatial, and spectral resolution requirements 
of micro-Raman spectroscopy, and provides variable dispersion at the focal plane and easy 
coupling to currently available multichannel detectors. To achieve this goal, a micro- 
Raman illuminator, the Spex MICRAMATE,’” was grafted onto the Spex TRIPLEMATE,’ a triple 
spectrograph designed specifically to work with optical multichannel analyzers employing 
diode array detectors. 

The MICRAMATE consists of a modified research-grade microscope which focuses laser ra- 
diation onto the sample to a spot less than 2 wm in diameter, and the necessary optics to 
couple the microscope to a spectrometer or a spectrograph, as in the present set-up. The 
resulting scattered radiation is collected back through the microscope objective and focused 
onto the entrance slit of the TRIPLEMATE. The minimum spot size is achieved with a 40% 
microscope objective. There is also a 10X objective for initial viewing of the sample. 


Author Purcell is with Spex Industries, Inc., Metuchen, NJ 08840, author Etz is with 
the Center for Analytical Chemistry of the National Measurement Laboratory, U. S. 
National Bureau of Standards, Washington, DC 20234. The authors thank Princeton Applied 
Research Corp. for the loan of the intensified diode array detector and to James Jarvis 
of that organization for his invaluable technical assistance. 
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The TRIPLEMATE is divided into two sections. A zero-dispersion double spectrometer 
filters the Rayleigh scatter from the inelastic scatter and transmits a predetermined seg- 
ment of the spectrum to the second stage, a spectrograph, which disperses the bandpass of 
the filter stage across the photocathode of a vidicon or diode array detector. A turret in 
the spectrograph provides mounts for three gratings so that the spectrum reaching the de- 
tector may be expanded or contracted by choice of a grating of different groove density. 
The central wavelength of the spectrum is automatically maintained by an internal micro- 
processor. 

Fellgett® was the first to describe what is commonly referred to as the multiplex ad- 
vantage; that is, the improvement in signal-to-noise achieved by monitoring more than one 
detection element simultaneously. Thus, for the same sensitivity and spectral resolution, 
a detector with 700 channels would record a given spectral region 700 times faster than a 
scanning instrument. Alternatively, if the two corresponding spectra were obtained in the 
same length of time, the signal-to-noise ratio would be superior by a factor of 26.5 (i.e., 
the square root of 700) for the spectrum from the multichannel system. Although the multi- 
plex advantage can be realized with state-of-the-art array detector systems, these detec- 
tors do not provide the same sensitivity available from cooled photomultiplier tubes serving 
as detectors in single channel systems. Nevertheless, a considerable advantage in the 
speed and efficiency of spectral data collection with the multichannel detector is evi- 
dent. More important, the possibility of sample degradation from the high-intensity laser 
radiation is minimized significantly if the exposure of the sample to the photon flux is 
shortened. Fig. 1 gives a diagram of the micro-Raman system described above. In this 
configuration, the instrument employed a commercially available optical multichannel 
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FIG. 1.--Optical schematic of the multi- 
channel Raman microprobe showing how mi- 
croscope objective both focuses laser 
beam and collects scattered radiation 

and transfers it to triple spectrograph. 
The latter consists of filter stage to 
remove the unshifted (Rayleigh) radiation 
and spectrograph with three gratings on 

a turret to expand or contract spectral 
coverage displayed on array detector. 


analyzer (Model 1215 OMA-2, EG§G Princeton Applied Research Corp.)’ in conjunction with a 
self-scanned photodiode array detector (Model 1420 intensified silicon photodiode array, 
EG&G, PARC).’ Detailed descriptions of this optical multichannel detection system and 
its various solid state array detectors have been given elsewhere.?’!° 


Analysis of Stack Particles and Botler Seale from Power Plants 


Stack particles and fly ash from 0i1-fired power plants have been studied by Raman 
microprobes,®’11?12 and some of the materials have been characterized as oxygenated sulfur 
compounds 

Stack aerosol samples were provided by the U. S. Environmental Protection Agency 
(EPA). They were collected with a cascade impactor positioned inside a power plant stack. 
The particulate sample examined in this study was that collected on the fourth stage of 
a five-stage impactor from a power plant burning high sulfur content (~2.5 wt%) fuel oil 
with traces of V, Fe, and Ni. The microcystals found in this sample exhibit variations 
in size and shape. Some are dendritic (tree-like) cyrstals of various colors (shades of 
brown to yellow-green); others are large, irregularly shaped colorless crystals with brown 
and black inclusions. The large size of many of these crystals, relative to the cutoff 
characteristics of the impactor, indicates that they were formed on the collection surface 
through the interaction of solids or liquids with the gas phase of the stack aerosol. 

Figure 2 shows the spectra of an 18m particle of V205, that of a small region of a 
brown, dendritic crystal from the stack collection, andathird spectrum of a 6 X 10um 
brown particle of boiler scale from the same power plant. The spectra clearly demon- 
strate that the brown material from both the stack effluent of the power plant and the 
boiler scale is vanadium pentoxide and not any other vanadium compound (e.g., a lower 
oxide). Vanadium is present in certain crude oils, e.g., those from Venezuela and 
Mexico, *? as a result of biological degradation of vanadium containing animal and plant 
life. Thus, the Raman microprobe data give molecular information about the final com- 
bustion products of both the major and minor constituents of the oil. This information is 
not available from elemental microanalysis alone. 

V20s5 is a rust-brown solid, laser radiation absorbing material. Raman microprobe 
measurements are successful only at relatively low irradiance conditions; prolonged expo- 
sure to focused laser radiation can induce sample modification. A microparticle spectrum 
of V20s5 can be obtained with a scanning instrument with 514.5 nm excitation, yet the 
spectra shown here were acquired in a fraction of the time (about one-tenth) of that re- 
quired for data acquisition on a scanning, monochannel microprobe, all other experimental 
conditions being equivalent. 


Laser Radtatton Sensttive Organte Compounds: Pterte Actd 


Picric acid (2,4,6-trinitrophenol) is one other example of an absorbing, colored (straw 
yellow) compound that rapidly decomposes in the laser beam. Even at low laser powers (4-5 
mW at 514.5 nm), there is noticeable sample decomposition soon after exposure to the focused 
laser spot. The observed morphological/chemical changes of the sample under these low- 
irradiance conditions cannot be explained entirely by thermal effects, but rather suggest 
that photodecomposition is taking place. Under these experimental conditions, it is ordi- 
narily not possible to obtain a satisfactory Raman spectrum from a single microcrystal with 
a scanning system. However, the spectrum shown in Fig. 3, obtained in a lmin exposure from 
a 5um crystal, clearly shows the principal bands of picric acid in the fingerprint region. 

A 300gr/mm grating in the spectrograph stage of the TRIPLEMATE provided a maximum spectral 
coverage of approximately 1300 Acm ?., Only 560 pixels of the diode array were scanned to 
avoid saturation of the detector in the low-frequency region by the intense laser line. 

This is a vivid demonstration of the second advantage of a multichannel system, that spec- 
tral data can be acquired from microsamples highly unstable under normal, practical measure- 
ment conditions. 


Investigatton of Urantum Compounds 


Uranium compounds, such as the oxides, UQ2g and U30g, as well as uranyl nitrate, 
U02 (NO3)2°6H20, represent another class of optically absorbing compounds that are 
important from an environmental standpoint. In assessing contamination of the environment 
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FIG. 2.--Spectra of microparticles of (a) 
V20s, (b) power plant stack aerosol, (c) 
oil-fired boiler scale. Measurement para- 
meters: (a) particle size, 18 Um; power, 
20 mW (at sample); beam spot, about 2 um; 
integration time, 3 min; laser line, 

5914.5 nm; spectral resolution about 

6 cm '; (b) particle size, 100 um; power, 
15 mW (at sample); beam spot, about 2 um; 
integration time, 3 min; laser line, 

514.5 nm; spectral resolution, about 

6 cm’; (c) particle size, 6 x 10 um; power, 
7 mW (at sample); beam spot, about 2 um; 
integration time, 3 min; laser line 

514.5 nm; spectral resolution about 

6 cm +. Particles analyzed were mounted on 
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each spectrum with dip at about 500A cm™! 
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baseline due to a string of damaged photo- 
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All spectra presented in this paper re- 
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around nuclear power plants, for example, uranium compounds are one obvious class of che- 
mical species that requires monitoring. The oxides of uranium are all intensely colored 
(UO2 is dark colored, highly opaque) and as micro-Raman samples present a formidable mea- 
surement problem owing to laser-induced sample heating. The shorter the irradiation time 
required, the smaller the chance of sample decomposition and the greater the chance of 
obtaining a good spectrum. Figure 4 presents spectra of UO2 and UO2 (NO3)2°6H20, each 
obtained in three minutes of signal integration. The UOz spectrum shows a band at 

467 Acm *, which reveals a significant but undetermined amount of ThO2 present in the 
particle. The much weaker band at 445 Acm * is due to UOz. Uranyl nitrate has charac- 
teristic Raman bands at 745, 872, and 1040 Acm °’. Monitoring of individual particles 
from the atmosphere or the grounds near a nculear power plant gives specific information 
on the types of species being released into the environment. Thus, any potential environ- 
mental hazards may be more accurately assessed, which may permit remedial measures to be 
focused more effectively. 


Btologteal Appltcattons 


Raman spectroscopy has become an invaluable tool to biological research, providing 
structural and conformational information on a number of problems'*’?$ The micro-Raman 
technique offers a unique method for obtaining this type of information on a cellular 
level. One area where work has already begun is the study of the mineralization of hard 
tissues.’* This process is not completely understood, and it is difficult to obtain data 
on intact tissue in a nondestructive manner. 

The main emphasis in this area has been on examining the enamel of rat incisors and 
embryonic chick tibia. The degree of calcification is followed by observation of the 
962 Acm * Raman band due to the symmetric P-O stretch of the main inorganic component of 
vertebrate bones, namely calcium hydroxyapatite, Ca,» (PO,).—(OH)2, which also contains 
about 2-4% carbonate in the mature tissue. 

Dr. Ming S. Tung at the American Dental Association Health Foundation's Research Unit 
at the National Bureau of Standards has prepared a synthetic carbonate apatite as a model 
for mature mineralized tissue. The sample studied in this investigation contains about 
4.3% carbonate. We have obtained spectra from microparticles of this material with 3 min 
exposures and 15-20 mW laser power at the sample. A representative spectrum is given 
in Fig. 5 and shows the strong 962Acm * POQ,° symmetric stretching mode and other weaker 
bands at the expected frequency shifts. 


Conelustons 


A Raman microprobe system incorporating a triple spectrograph and a multichannel detec- 
tor opens up new areas of investigation that had previously presented a considerable 
challenge to spectroscopic examination by conventional, scanning spectrometer systems. 
Some of the characteristics of such a microprobe embodying commercially available instru- 
mentation have been presented in this paper. The examples discussed are drawn from pre- 
liminary experimentation with the microprobe in the configuration shown in Fig. 1. Above 
all, the results presented here are intended to illustrate what we consider to be signifi- 
cant, current advances in micro-Raman instrumentation. 
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RAMAN MICROPROBE SPECTROSCOPY OF CERAMICS 
Fran Adar and D. R. Clarke 


Although a relatively new microanalysis technique, Raman Microprobe Spectroscopy is already 
playing a significant role in the characterization of new ceramic materials. Its principal 
applications to date have utilized the high spatial resolution capability of the technique 
for phase identification in polyphase ceramics having grain sizes in the range 0.1 to 10 um. 
In such microstructural analysis applications, both the theoretical (and attainable) lateral 
spatial and depth-of-field resolution limitations are of importance. Although the theoret- 
ical resolution has been discussed, the attainable resolution in the 180° backscattering 
configuration, pertinent to the Raman microprobe, has not previously been determined exper- 
imentally. A simple experiment for determining these parameters is described, together 
with preliminary measurements obtained using an Al203/Zr02 ceramic. The utility and advan- 
tages of the Raman microprobe are then illustrated with an example drawn from a phase trans- 
formation study of boron nitride and the characterization of a CVD silicon nitride. 

The majority of applications of Raman microanalysis reported in the literature to date 
have involved the characterization of fine particles or isolated features, such as bubbles, 
embedded in weakly scattering matrices; all are strictly microsampling applications. In 
many applications in materials science, however, where microstructural characterization of 
phases is required, the individual phases. are commensurate in size to the optical beam of 
the microprobe and strong scattering may also be encountered. Under such circumstances, 
the ability to distinguish between different phases located in the microstructure is 
limited by the attainable resolution of the microprobe system. By analogy, the attainable 
resolution of the electron probe microanalyzer (EPMA) is determined not by the size and 
energy of the electron probe per se, but rather by the extent of both the beam spreading 
within the sample and the absorption provided by the sample. 


Axtal Spattal Resolutton 


The axial spatial (depth-of-field) resolution of microprobe systems has been discussed 
in terms of physical optics by a number of investigators.’~* Various equations pertaining 
to the different microprobe configurations have been proposed to include both the depth of 
focus of the illuminating laser beam by the objective lens and the depth of field of the 
optics transferring the Raman scattered radiation to the monochromator. The latter, as 
discussed by Dhamelicourt® and Rosasco,* can be limited by an aperture placed at an inter- 
mediate image plane between the Raman collecting lens and the monochromator entrance slit. 
Under such optical conditions, fluorescence, scattering, and Raman emission outside the 
laser focal volume are blocked by the intermediate aperture. According to Dhamelincourt's 
calculations, when the aperture size is equal to the lateral size of the image of the laser 
probe, the normalized depth (depth divided by refractive index) from which the Raman signal 
is collected corresponds to about 2-3 um above and below the plane of focus. 

To test the accuracy of these models, the experimental arrangement shown in Fig. 1 was 
employed. The sample geometry consisted of a wedge of polycrystalline alumina fused to a 
lower wedge of polycrystalline Al203-6 v/o ZrO. with the interface inclined at a small 
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angle (6.5°) to the top surface of the 

alumina. The Al203-Zr02 system was cho- 
LASER BEAM sen in conjunction with our study of the 
transformation zone size determination in 
zirconia ceramics.° In the experiment, 
Lae the laser probe was placed at successively 
, Alz03 - 6 v/o ZrO greater distances from the wedge inter- 
face, and the Raman spectra were recorded 
at each position. In that the alumina is 
a weak scatterer and the zirconia is a 
relatively strong Raman scattering mate- 
rial, the intensity of the zirconia spec- 
tra as a function of probe position may 
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FIG. 1.--Schematic diagram of double-wedge be used as a measure of the depth resolu- 
polycrystalline sample used to evaluate axial tion of the microprobe. As an example 
spatial resolution of Raman microprobe. of the data obtained, the Raman spectra 


recorded at the indicated distances from 
the wedge interface are reproduced in 


can " 7 Fig. 2. A 10 um probe was used in the 

9.2 S 130MICRONS | experiment, since the grain size of the 

9.0 %.. : 8 SCANS | AloO03-Zr0O. material was about 3-4 um. 
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ee the sample), the zirconia band at 260 cm } 
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ia 2 3 | 5 SCANS an upper bound for the depth resolution of 


the microprobe of about 6 um. Given that 
the refractive index of alumina is about 
1.76, this experimental values is in rea- 
sonable concurrence with that predicted by 
Dhamelincourt. 


Lateral Spattal Resolutton 


INTERFACE As with the axial spatial resolution, 
16 SCANS it has been recognized that the lateral 
resolution is determined by both the 
illuminating optics and the collector 
angle subtended by the intermediate aper- 
ture of the Raman transfer optics. Con- 
sideration of these optics?~ suggests 
that an objective lens having a numerical 
aperture (n.a.) of 0.9 would focus about 
84% of the illuminating laser energy into 
a diffraction limited spot (1.22 A/n.a.) 


4.0 2.0 3.0 4.0 5.0 6.0 
RAMAN SHIFT (cm7!) x 102 


FIG. 2.--Raman spectra recorded, with the geo- of about 0.7 um diameter and that an inter- 
metry shown in Fig. 1, at Al203/A1203-6 v/ooe mediate aperture matched to the image size 
ZrQ2 interface, and at 50 and 130 um laterally of the illuminating spot should confer a 
from interface; intensity of the band at lateral resolution in the focal plane of 
260 cm7?, characteristic of monoclinic Zr0z, the objective corresponding to the probe 
is measure of depth resolution of microprobe. Size. Experimentally, the illuminating 
Wedge angle 6.5°. probe size is relatively simple to measure 


because the probe can be imaged directly, 
and observations at conjugate image planes indicate that a lum spot size can indeed be 
formed with objectives of 0.85 and 0.9 n.a. Previous studies of the lateral spatial reso- 
lution have emphasized experimental situations where isolated particles are positioned on 
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a weakly scattering supporting substrate, such as single crystal alumina. In such cases, 
little stray or multiple scattering from the substrate into the particle and rescattering 
of the Raman signal back into the collecting optics is to be expected. The experimental 
situation pertinent to microstructural analysis of phases embedded in polycrystalline 
samples is significantly different; grain boundaries, intergranular phases, and porosity 
will introduce additional multiple scattering. For this reason, it is worth while to 
reevaluate the net attainable lateral resolution. Measurement can be made with the 
sample geometry shown schematically in Fig. 3. By special heat treatment procedures it is 
possible to make a sample of this geo- 
metry and, contained in a polished 
section, a small (= 1 um) zirconia 
grain entrapped in a much larger alumina 
grain. By recording Raman spectra at 
successive positions in the alumina 
grain up to the zirconia particle, a 
measure of the lateral resolution can 
Alz03 be obtained. Preliminary results 
indicate that no zirconia bands are 
detectable until the probe is within 
half the probe diameter of the zirconia 
particle. The experiment is a quite 


FIG. 3.--Schematic sample geometry for stringent test, since zirconia is a 

assessing lateral spatial geometry of poly- particularly strong Raman scatterer and 

phase, polycrystalline sample containing the alumina provides a rather weakly 

embedded phase particle. absorbing matrix for multiple scattered 
radiation. 

Appltecatton 


Clearly, more refined measurements of both the axial and lateral spatial resolutions 
are required for a variety of optical conditions, but the preliminary experiments described 
above indicate the general validity of the estimates derived from transfer optics calcula- 
tions and confirm their value as guidelines in performing high spatial resolution Raman 
microprobe analysis. In this section, two applications to the characterization of micron 
grain size ceramics are briefly presented. 

Boron nitride is a commonly used ceramic. In its hexagonal form, for instance, it is 
used as a high-temperature lubricant and filler, whereas in its cubic form it has applica- 
-tions as an abrasive and cutting material. It is both isomorphous and isoelectric with 
carbon. One of the problems encountered in the characterization of the microstructure of 
a polyphase, hot-pressed ceramic containing boron nitride was to determine the polymorphs 
present after processing. Representative spectra recorded from the micron-sized grains 
are reproduced in Fig. 4 and are compared with spectra obtained from a cubic boron 
nitride powder. The spectrum documents the presence of both the cubic and hexagonal poly- 
morphs in the fabricated material. Although an apparently simple application, the problem 
is intractable when more conventional techniques (e.g., electron probe microanalysis) are 
used, because of the low atomic weight of B and N and the inability to distinguish poly- 
morphic forms. 

Silicon nitride, an important structural and dielectric ceramic, may be prepared by 
several techniques, including hot-pressing of powders and chemical vapor deposition (CVD). 
The latter normally leads to a highly pure, fully crystalline material which consists 
entirely of the alpha polymorph and exhibits the characteristic Raman spectrum shown in 
Fig. 5. Occasionally, however, the CVD process results in a material containing 1-20 mi- 
cron sized shiny inclusions that may act as fracture origins on stressing. Sample pre- 
paration difficulties have prevented their investigation by analytical electron microscopy 
in the transmission electron microscope. In the Raman microprobe, however, the inclusions 
can be readily selected and analyzed. Spectra from three such inclusions are reproduced 
in Fig. 6. In Fig. 6(a) the sharp bands at 261 and 365 cm-’ are the strongest bands of 
the o-Si3N, phase. Broad bands centered at about 130 and 390 cm7! appear in the majority 
of spectra recorded from the inclusions and indicate the presence of a glassy phase. In 
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crystal particle of cubic boron 
nitride and a dense ceramic con- 
taining both hexagonal and cubic 
polymorphs of boron nitride. 


FIG. 6.--Spectra recorded from three different 
CVD-SigN4 shiny inclusions in CVD polycrystalline silicon 
nitride. Characteristic bands of a-Si3N, are 
marked by asterisks. Broad bands at about 130 
and 390 cm-! indicate presence of glassy phase; 
band at 1600 cm~! is due to elemental carbon 
impurity. 


the spectrum of Fig. 6(c), the strongest band of 
the glass phase is centered at 385 cm. The 
spectrum also exhibits a band at 1600 em}, in- 
dicative of elemental carbon, an impurity intro- 
duced during manufacture, which may account for 
some of the black color. Other bands at 648, 
1040, and 1165 cm!have not been identified. 

Other ceramic systems for which the technique 
of high-resolution Raman microprobe spectrosco- 
RAMAN SHIFT x 102 py has proved valuable include other silicon- 
nitride based materials and ceramics developed 
for the immobilization of nuclear waste. 
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RAMAN MICROPROBE ANALYSIS OF PRISTINE AND IODINE-DOPED POLYACETYLENE FILMS 
L, Lauchlan, T. Woerner, A. G. MacDiarmid, and Fran Adar 


The Raman microprobe has been used to study and characterize spectral features of the order 
of 1 ym in pristine and heavily iodine-doped polyacetylene, (CH)x. The special features of 
the microprobe have allowed an unambiguous identification of an oriented (CH), film poly- 
merized on crystal faces of biphenyl containing disolved Shirakawa catalyst. We also pre- 
sent the first evidence for an inhomogeneous distribution of dopant species (13 and I5) on 
a scale of this size in free-standing (CH), films doped rapidly to saturation with iodine. 

Results from transport and optical studies of pure (CH), and chemically or electro- 
chemically doped (CH), have demonstrated that its electrical, optical, and thermoelectric 
properties can be varied systematically to span the full range from semiconductor to metal 
as the dopant concentration is increased.!-3 The pure polymer is typically prepared as a 
low-density, flexible film composed of randomly oriented fibrils (ca 200 A in diameter). 
Electron microscopy studies have shown that significant alignment of the polymer fibrils 
can be produced by stretch elongation of the czs-film. Such orientation leads to an in- 
crease in the electrical conductivity along the direction of stretching of an order of mag- 
nitude, Marked optical anisotropy is also introduced. In an effort to produce as-grown 
oriented (CH), film, it has recently been found that acetylene gas may be polymerized di- 
rectly on crystal faces of biphenyl containing disolved catalyst to give oriented films of 
(CHs.* (CH), films prepared in this manner have been examined under a polarizing optical 
microscope by reflected light. Regions of the (CH), film, many of which are rectangular 
(ca 0.5 x 0.1mm) can be observed to change from highly reflecting to weakly reflecting when 
rotated by angles of 45° between crossed polarizers (Fig. 1). Comparison with polarized 
reflectance micrographs of stretch aligned (CH),, (1/lg = 2.9, where 1 and log are the 
lengths after and before stretching, respectively) shows the optical effect to be compar- 
able (Fig. 2). 

After preparation of material that exhibited orientation, molecular identification was 
sought, The sample size dictated the Raman microprobe as the technique of choice for this 
identification. 

As mentioned above, one of the more interesting properties of polyacetylene is its 
ability to be transformed from the semiconducting state to the metallic state by doping of 
the as-prepared films. Although this system has been extensively studied, controversy re- 
mains concerning the homogeneity of chemically doped films. 

Variability of dopant species in heavily doped films has been observed with macro-Raman 
spectroscopy. Differences were observed in materials chemically doped under a variety of 
conditions and subjected to differing histories (air exposure, isomerization conditions, 
etc.). In particular, the Raman spectra of polyacetylene doped with iodine exhibit bands 
that have been assigned to at least two species of iodine.°- I3 has a Raman-active funda- 


mental at 106 em! ; its first and second overtones are also often observed. The Raman- 


active fundamental band of I5 occurs at 160 em7!, 

Independent evidence for heterogeneous doping is derived from visible reflectance meas- 
urements. Heavily iodine-doped polyacetylene films indicate some remnant of the interband 
transition even though such a transition should be absent in the metallic state. This re- 
sult has been interpreted by the suggestion that the iodine is not dispersed homogeneously. 

Using the Raman microprobe we have studied heavily doped free-standing films (ca 80 um 


thick) by searching for spatial heterogeneities in the dopant species - 13 and I5 


Authors Lauchlan, Woerner, and MacDiarmid are at the University of Pennsylvania, Phila- 
delphia, PA 19104; author Adar is at Instruments SA, Inc., Metuchen, NJ 08840. This work 
was supported in part by NSF grant DMR80-22870 and ARO grant DAAG 29-81-K-0058. 
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FIG. 1.--Polarized light 
micrographs of epitaxial 
(CH), film grown on bi- 
phenyl taken between 
crossed polarizers with 
sample at two orienta-~ 
tions 45° apart: maximum 
relfectivity; minimum 
reflectivity. 


Oop 
FIG. 2.--Polarized light micro- 
graphs of stretch-oriented 
films, taken under conditions 
similar to those of Fig. 1. 


Experimental 


In this study the epitaxially grown film was examined in air. This procedure resulted 
in some oxidation of the as-prepared material, as monitored by broadening of the bands, 
while the measurements were being made. However, that did not prevent identification of 
the film as polyacetylene. Figure 3 shows a spectrum of a free-standing polyacetylene film 
displayed with a spectrum of an epitaxial film. These bands are characteristic of the con- 
jugated 7 system of trans-(CH),. The spectra are nearly identical. 

Free-standing films of (CH), were doped rapidly to saturation by exposure of cts-(CH),x 
to iodine vapor in vacuo for 3-5 hr at room temperature. After pumping for 1 hr the sam- 
ples were sealed in rectangular quartz tubing in an inert atmosphere. Doping was performed 
rapidly in order to maximize the possibility for nonuniform doping. Repeated scans of the 
same spot produced identical spectra from which it can be argued that the laser spot did 
not drive off appreciable dopant. Figure 4 shows a representative spectrum of doped trans- 
(CH) ,. The intensities of the m system bands are markedly reduced in the doped material. 

During polmerization of free-standing films in glass vessels, (CH), grows on the glass 
surfaces wetted by toluene solutions of catalysts. The side of the film that has adhered 
to the glass is composed of fibrils more densely packed than on the surface facing the 
acetylene gas. The densely packed side of the film appears shiny whereas the second sur- 
face is dull. Raman microprobe spectra were recorded from both surfaces. 

Representative spectra from heavily doped free-standing films are shown in Fig. 5. 
These spectra show differences in relative intensities of 13 and I5. Only I3 was observed 
on the shiny surface, even though many spots were examined. On the dull surface I5 as well 
as I3 - was observed, and their relative intensities varied as the sampled spot was changed. 
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FIG. 3.--Raman microprobe spectra of free-standing 
polyacetylene and polyacetylene platelet grown on ice 
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iodine doped free-standing films re- 
corded in low frequency haa where 
bands of 13 and Is occur. = 482.5 
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FIG. 4.--Raman spectrum of iodine doped free- 
standing polyactylene film. Bands between 100 
and 350 cm-! are due to 13 and Ig ; bands be- 
tween 1000 and 1600 cm7! are due to the conju- 
gated 7 system. Ag, = 482.5 nm, 5 mW, 200um 
slits, 100 cm-!/min, 50x objective. 


The heterogeneities displayed in Fig. 5 were somewhat surprising. Earlier scanning 
electron microprobe studies of heavily doped trans-(CH)x revealed iodine concentrations 
which were uniform on a scale of 5000 RK (0.5 pum). 8 Examination of shiny and dull sides of 
the film by x-ray microanalysis exhibited no apparent differences in distribution of iodine 
atoms. In order to reconcile the electron and Raman microprobe results, one must conclude 
that iodine is inhomogeneously speciated into I3 and Is. 


Conelustons 


The Raman microprobe has allowed the unambiguous molecular identification of epitaxial- 
ly grown (CH),. Heavily doped polyacetylene films exhibit heterogeneities of iodine spe- 
cies on the lum scale. This result complements SEM results which showed no spatial varia- 
tion in atomic iodine concentrations in heavily doped films on the 0.5um scale. The Raman 
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microprobe is unique in providing local information on molecular species in this system. 
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OPTICAL SPECTROSCOPY BY MICROPROBES WITH DIODE ARRAY SYSTEMS 


D. O. Landon 


Efficient multichannel analysis of optical signals generated in microprobes provides the 

user with great analytical versatility and allows maximum information to be gathered while 
sample size and possible damage are minimized. The interesting applications are to Raman, 
photoluminescence, and cathodoluminescence spectra. This paper is more a presentation of 


possibilities than of existing realities, yet it is soundly based on thoroughly documented 
work and techniques. 


Definitions 

Before we discuss instrumentation further, let us define the three types of spectra 
we Shall be dealing with. The first two are generated in optical microprobe instruments, 
typically with laser light excitation sources. 

Raman spectra are related to vibrational modes of the molecule. One ''sees" the mole- 
cular structure. The spectra are produced when a laser beam is focused on the sample. 
Focused laser beams give spot sizes below 1 um.? 

Photoluminescence spectra occur through a different mechanism of absorption of one pho- 
ton and re-emission with a loss of energy. One "sees" electron band gaps and trap and 
defect energies. These spectraare usually produced with lasers in the same optical cinfig- 
uration as used for Raman spectra. 

Cathodoluminescence spectra are produced in electron probe instruments. Cathodo- 
luminescence spectra result from the energy loss that occurs when an electron is transformed 
into a photon. One "sees'' the same physical entities as in photoluminescence. With the 
typical focused electron beams used, lateral spatial resolution is of the order 2-3 um.” 


Discusston 


The spectra produced by all of the above phenomena are typically in the range from 
about 250 nm to 8 um. 

The Raman spectra are almost entirely seen in the wavelength range 300-850 nm. It has 
been remarked that there is no type of spectral detection in this range that is not better 
done with a multichannel system as compared to a scanning monochannel one. ? 

At the 1979 MAS meeting small-area Raman measurements were the subject of a sympo- 
sium. In the few years since, the intensified diode array detector (IDARSS) has taken over 
as the multichannel detector of choice. The devices have wide spectral range (190-900 nm), 
offer time-gating capability to a few nanoseconds, and come in several delicious, though 
expensive, flavors. The pioneers who are working with these detectors are convinced that 
the expense is well justified by the results. 

Large spectral coverages at decent spectral resolution are possible, and the multi- 
channel advantage permits the taking of Raman spectra in a reasonable time with the laser 
input power held below the damage threshold of sensitive samples. 

Photoluminescence (PL) and cathodoluminescence (CL) spectra are quite interesting. 
Originating in the structure and lattice of the host crystal, they are very sensitive to 
small changes. Many of the most important transitions for luminescence are not between 
energy levels in the host material, but involve impurities, point defects, and aggregates 
of point defects. There is no simple rule that enables the researcher to identify the 
mechanism responsible for a particular emission by measuring the photon energy, and this 
lack has certainly inhibited the widespread use of PL and CL, but they are progressing in 
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both theory and instrumentation. * 

All CL spectra at and above liquid nitrogen temperature consist of fairly broad emission 
bands, because of coupling to the lattice vibrations. At lower temperatures sharp line 
spectra begin to be seen. 

We referred to the lack of a simple rule for interpreting CL spectra as inhibiting the 
use of the technique. This lack is in fact being remedied, as the theoreticians are at 
work to systematize the information and generate a database.’ 

The next inhibition is the lack of really suitable detection equipment. Here, the 
instrumentation now available will do very well. Once again, the multichannel approach is 
much superior to conventional wavelength scanning. 

In the range from the near UV (280 nm) to the near IR (900 nm), the same detectors as 
are used in Raman microarea analysis work very well, and since spectral resolution require- 
ments are usually reduced, large spectral coverages in the range 300-900 nm are possible. 
The PL and CL techniques can produce such rewarding information that there is a growing 
interest in working in the range 900-3300 mm. 

This development brings us squarely up against the need to develop new instrumentation. 
One requirement is for helium temperature stages. Various mechanical improvements would 
result, such as lower sample damage and greater intensity of CL spectra. The really in- 
portant advance associated with lower temperature at the sample would be the resolution of 
the broad CL bands into line spectra that could be interpreted in fundamental quantum- 
mechanical terms.” 

Again, so far, so good. We can hypothesize ease of data gathering using existing diode 
array spectrographs attached to our microscope via simple lens-fiber optic systems. The 
low-temperature spectra should permit the generation of a real database in the range to 
about 900 nm. 

Now, back to the near infrared. We wish to examine the CL properties of Group III-V 
alloy materials.*° In extensive use in lasers and light-emitting diodes, they are also under 
intensive development for use in integrated optics. These materials must emit and detect 
in the range of 1.3-1.6 um. Ultimately we may see nonsilica fibers, and optical communica- 
tion even at 4-8 um. When we get to the range of fundamental electrical and optical prop- 
erties of dislocations in semiconductors at these wavelengths, we reach the probable end 
of any interest in developing array detection. The fundamentals of noise theory show that 
the way to do the job is by multiplex nondispersive infrared detection with some form of 
Michelson interferometer. 

What we have identified is a need for some type of multichannel detection with wave- 
length dispersive optics for the range 0.9 to about 3 um. Although lead sulfide is not the 
only possible choice here, it looks interesting; it has the highest D* of any near-IR detec- 
tor and can be fashioned into a multi-array type of detector with discrete sensitive areas 
in a linear format. 


Summary 


The program of the 1979 MAS meeting included for the first time a session on Laser 
Raman Microprobe Analysis. This session served to introduce optical microbeam techniques as 
effective methodologies for molecular and structural analysis in the microscopic domain, 
complementary to established methods of elemental analysis. Several manufacturers provide 
various types of Raman packages for microprobe applications, yet the intensified diode 
array detector has taken over as the multichannel optical range detector of first choice. 

The laser-Raman packages can also be used for photoluminescence (PL) measurements in 
the same optical range, although less sophisticated optics suffice if the Raman spectra 
are not sought. 

Cathodoluminescence (CL) measurements require only a simple small spectrograph, since 
the electron beam and scattered electrons produce no stray optical signal. CL spectra 
cover the UV and visible range between about 260 and 900 nm. The intensified diode array 
detectors available are perfect for this range, and packages with minispectrographs are 
commercially available. The experimenter only has to mount an appropriate lens and fiber 
optics conduit in his microscope to get into business. ° 

Efficient PL and CL measurements in the spectral range 0.9-3 Um await the development 
of sensitive array type infrared detection, but the available technology seems capable of 
supporting such an effort. 
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ANALYSES OF ENZYMES IN SINGLE CELLS BY ARGON LASER FLOW CYTOMETRY 
F. A. Dolbeare 


Mammalian and bacterial cells and subcellular organelles are chemical packages containing 
various concentrations of specific chemical substances. These chemical substances can be 
analyzed on a single cell or particle basis when specific fluorescent probes are used and 
the particle is passed through a laser beam fluorimeter called a flow cytometer. Individ- 
ual fluorescent pulses are amplified and converted into a digital form for display on a 
cathode-ray tube. Depending on the power of the laser and the sensitivity of the detector, 
particles containing several thousand fluorescent molecules (<10°2°mole) may be readily 
quantified. Since a flow cytometer measures the fluorescence from individual particles and 
not fluorescence of solutions, a spectrofluorometer is used to obtain fluorescence coef- 
ficients for each fluorophore. If the substance of interest is an enzyme, it may even be 
possible to quantify a few dozen molecules per cell, since the catalytic nature of the en- 
zyme permits a large amplification of the fluorescent end product. An enzyme is capable as 
a catalyst to convert thousands of molecular substrates to product per second. Thus a 
great sensitivity is achieved. 

We have analyzed cells and nuclei for a number of enzymes by using fluorogenic sub- 
strates as probes.!~t Fluorogenic substrates are generally nonfluorescent compounds that 
when acted upon by specific enzymes cause the release of a fluorescent product. If we se- 
lect fluorophores with high quantum efficiencies (e.g., fluorescein and methyl umbelli- 
ferone) to make up the fluorogenic substrates, we obtain cells that become highly fluores- 
cent within 15 s of exposure to solutions of the substrates. Viable cells may be added to 
solutions of specific fluorogenic substrates and rapidly introduced into a stream that 
passes through the laser beam. Then a large number of cells (2 x10°) is incubated with one 
of the probes and the fluorescence is measured in a standard spectrofluorometer. The flu- 
orescence may be quantified for a suspension of intact cells or the cells may be disrupted 
following 1 min of reaction to allow sufficient fluorophore to accumulate to give a mean- 
ingful reading. From values obtained by this method, relative activities can be calculated 
for flow cytometer readings; i.e., one instrument with a capability for measuring particle 
fluorescence is standardized against an instrument that routinely measures solution fluo- 
rescence. Table 1 shows some of the enzymes we have assayed in Chinese hamster (CHO) cells 
by this method along with the appropriate fluorescent probe, and specific fluorescent data 
obtained with an argon ion laser flow cytometer. The rate of hydrolysis of the specific 
probes is given as specific activity, i.e., number of moles of fluorescent substance 
formed/cell-s. 


Diseusston 


Fluorescein is a much more sensitive probe for the assay of cellular enzymes than is 
4-methylumbelliferone. However, the particular enzyme, nonspecific esterase, is either in 
low abundance or exhibits much lower activity than the other measured enzymes. If fluores- 
cein derivatives were used for the other assays in place of the 4-methylumbelliferone, then 
much lower levels of these enzymes could be detected by the method. 

If instead of whole cells we had analyzed subcellular particles (e.g., lysosomes, which 
contain the bulk of the enzymes we were studying), we would have found that indeed each par- 
ticle would have exhibited fluorescence representing the level of enzyme in that particle. 


The author is with the Biomedical Sciences Division, L-452, Lawrence Livermore National 
Laboratory, Livermore, CA 94550. This work was performed under the auspices of the U.S. 
Department of Energy by the Lawrence Livermore National Laboratory under contract number 
W-7405-ENG-48. 
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Since as many as a hundred such particles inhabit an intact cell, we would have been quan- 
tifying enzyme product levels in the 10-2% mole/cell range. Such a technique may be em- 
ployed to characterize both the number and enzyme content of subcellular particles, even 
though the particles are only 0.2-0.5 um in diameter. 


TABLE 1 
Enzymes Probe A fluorescence/s Amole/cell-s 
Acid phosphatase 4-Methy1-umbelliferone-phosphate 49.1 0.42 
B-galactosidase "  8-galactoside 7.0 0.6 
8-glucuronidase m "  B- glucuronide 17.5 0.15 
Nonspecific esterase Fluorescein diacetate 629 .3 0.63 


Afluorescence calculated from channel number divided by gain. 

Amole = 10-!8mole 

Specific activities calculated from fluorescence coefficients for 4-methyl umbelli- 
ferone and fluorescein determined by standard spectrofluorometry. 
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APPLICATIONS OF MICROSPECTROFLUOROMETRY TO THE STUDY OF THE LIVING CELL 
Elli Kohen, J. G. Hirschberg, Bo Thorell, Cahide Kohen, and Joanne Mansell 


It has been said that one cannot understand a process by stopping it.! Understanding must 
move with the flow of the process. Thus metabolic events in the living cell cannot be under- 
stood in their "wholeness" neither by recourse to metabolic maps alone, which just represent 
the "molecular anatomy," nor by mere monitoring of the kinetics of individual enzymes (i.e., 
their inhibition characteristics and molecular structure). As phrased by Weiss, "It seems 
...unsound to expect that it will ever be possible to describe cell behavior solely in re- 
ductionist terms of properties of its component elements, that is, without giving a due 
account of its system character."* As expressed by Lotka, what we have before us is a sys- 
tem composed of aggregates of energy transformers adapted by their structure to guide avail- 
able energy into such channels as to lead to their growth and maintenance.* Nearly in simi- 
lar terms Chance et al. state that living cells contain the ultimate in microelectronics, 
with complex enzyme systems structured to perform sophisticated electronic and chemical 
functions, serving as power supplies, gated channels, pumps, receptors, effectors, and 
transducers. * 

Methods to study dynamic processes in the intact livang cell must be designed to account 
for the above defined properties. Microspectrofluorometry “8 makes it possible to investi- 
gate in situ the role of organized multienzyme systems when they operate within the matrix of 
the intra- and intercellular microenvironment. This method, in conjunction with microinjec- 
tions of metabolites or modifiers,” leads to localization and spectral identification of 
transient changes’’’!! in the oxido-reduction of intracellular fluorescent coenzymes which 
bear on new theories for multicomponent metabolic control,’* !* compartmentation,°®’? cell-to- 
cell metabolic cooperation,®’*®”*® and immediate or delayed actions of xenobiotics (e.g., 
photosensitizers and carcinogens) on mitochondrial, cytosolic, and nuclear pathways. The 
combined microspectrofluorometry-microinjection approach is therefore well suited to the 
investigation of intracellular parameters and variables of se ee activity inaccessible to 
conventional biochemistry, such as the sensitivity coeffictent'*’}*% (the effect that the 
change in the concentration of an enzyme has on the overall systemic flux) and the elasttctty 
coefficient'*’+* (the effect that the change in substrate concentration has on the rate of 
one "isolated" enzyme step functioning within the whole system).?’ 
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Expertmentatl 


The microspectrofluorometer (Fig. 1)° is designed for a dual purpose: (1) to map fluo- 
rescence changes associated with coenzyme oxido-reduction, the distribution and interactions 
of fluorescent xenobiotics and probes or tracers topographically through the cell or inter- 
connected cells (topographic mode); (2) to analyze spectrally the emission of coenzymes or 
probes at various intracellular sites (spectral mode). 

The aim is to determine a structure and function correlation in the intact living 
cell(s) in the dynamic context of the changing molecular microarchitecture and reciprocally 
interacting multienzyme systems within a cell or between cells within a multicellular 
complex. Thus, the instrumentation is tailored to superimpose a dynamic metabolic map onto 
the ultrastructure map of the living cell, via: 


(1) A maximum aperture, long working distance phase-fluorescence system mounted on an 
inverted microscope, which allows considerable free distance for cell manipulations and 
high efficiency in the collection of the emitted fluorescence. 

(2) Imaging cell organelles and sites visualized by phase microscopy and followed by 
phase photography upon detector channels of the optical multichannel analyzer. 

(3) Superposition of the metabolic map on an ultrastructural map obtained by electron 
microscopy from cells premarked and retrieved after microfluorometry. 


The planned introduction of a two-dimensional multichannel detector can provide in 
principle: 


(1) Continuous recording of spatio-temporal behavior associated with any point within a 
cell or interconnected cells. 
(2) Multisite recording of fluorescence spectra from selected cell regions. 


Thus, for every time interval within the resolution of the system, a matrix can be ob- 
tained that reproduces the topographic or spectral behavior of exogenous or endogenous 
fluorochrome within a cell or cells. 

Hypotheses on the regulation of intracellular pathways by controlling "pacemaker" or 
"yate-limiting'"' enzymes, versus the possibility that controls are shared among all en- 
zymes, *2? 43 are now amenable to exploration by means of sequential injections into the same 
cell of substrates and modifiers. Thus, a two-manipulator injector system? has been built 
for arbitrary injections of substrates (e.g., of glycolysis, Krebs cycle, pentose shunt) 
and modifiers (adenine nucleotides including cyclic AMP, ions, and chelators). 

Studies of pyridine nucleotide-linked enzyme reactions are made by visualization of 
cells with red light and detection of blue fluorescence; studies of flavin enzymes are made 
by visualization with blue light and detection of yellow fluorescence. 

The above methods are, in principle, applicable to cells in monolayer culture grown on 
a glass surface. Specific cell lines are selected for each application: 


(1) For the investigation of basic metabolic controls and compartments, the L cell is 
used, as a line on which a body of knowledge has been built, documented by a decade of 
microfluorometric studies. X-irradiated L cells? provide a giant form easier to manipulate, 
and extrapolations from the giant are then verified in the nonirradiated L cell. 

Recently, mitochondria-rich giant L cells, with such enrichment verified by the mitochondrial 
fluorescent probe DASPMI}® have been obtained by serial adaptation to high-sorbitol media 
(e.g. 0.3-0.4 molar sorbitol). 

(2) For the study of carcinogenesis, recourse is made to clones of normal versus 
spontaneously transformed cells (NCTC clones),’ clones suitable for chemical carcinogenesis 
(Heidelberger's C3H/10T1/2 C18),+? or clones inducible for metabolization of carcinogens 
(BRL clone).?° 

(3) For the investigation of cell-to-cell metabolic cooperation one studies normal versus 
transformed cells, hepatoma MH) Cj, melanomas, and glia versus glioma. 16 

(4) For the study of hormone secretion and regulation, pancreatic islet cells in mono- 
layer culture are used.?*}??? 
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Applticattons 


A new look at btochemical processes in the living cell: Relattonshtp between metabolite 
flux and a mosate of various control parameters. Modifiers are injected (a) alone, to alter 
the metabolic steady state of a cell; (b) before substrate, to preload a cell; or (c) follow- 
ing substrate, to alter the response to the substrate. Injections of ADP before or after 
substrate (e.g., glucose-6-P, malate) confirm an inverse relationship between NAD(P)H con- 
centration andADP concentration, due to the activation of oxidative processes by the latter. 
Thus, following an injection of ADP it is possible to infer the time course of intracellular 
ADP concentration from the behavior of intracellular NAD(P)H concentration, since each is the 
reciprocal of the other. 

Upon injection of ADP in the course of a malate-induced NAD(P)H reduction-reoxidation 
transient, fluorescence rapidly decreases; a NAD(P)H minimum coincides with the ADP maximum 
(Fig. 2). Subsequent phosphorylation and ultimate exhaustion of ADP, while malate is still 
present in sufficient concentration to act as a source of reducing equivalents, leads to a 
gradual increase of NAD(P)H fluorescence until it returns to the level that existed before 
injection of ADP® or even higher. In this way the relationship between two of the elemental 
forces of bionergetics, the "force of oxidation" and the "force of phosphorylation," can be 
investigated.’* A complex equation,”? based on the predictions of thermodynamics, links the 
flux of phosphorylation to the two "forces."' This equation includes activity coefficients; 
stoichiometries of the mitochondrial proton pumps; the permeability of the mitochondrial 
inner membrane, the relative effects of protonmotive, oxidative, and phosphorylating forces; 
and the free energies of oxidation and phosphorylation. The equation can be considerably 
Simplified by the assumption of an effectively constant concentration of ATP and an effec- 
tively constant oxidation potential (which is the case in Fig. 2) after NAD(P)H returns to 
maximum. The following differential equation** is obtained: 


dx _ df[ADP] | 
ao de ALA (1) 
for y = = = [NADH] (2) 


with a and 8 corresponding to known but complicated collections of constants in the equation 
mentioned above. A near match is obtained between the theoretical and experimental curve of 
NADH for calculated values of a and 8 (Fig. 2). 

In such attempts to compare the forces of oxidation and phosphorylation the timing of 
the ADP injection is critical and has to take place within tenths of a second to a few 
seconds of the NAD(P)H pulse initiated by malate; otherwise the conditions that validate 
the above simplified equation are not satisfied, since the pathways will not then be 
operating at constant oxidation potential. 

Studies to this date do not allow calculations beyond the expressions of contants 
summarized by @ and 8. However, in principle once these two values are established, it 
is also possible to vary the conditions one by one to determine individually the activity 
coefficients, stoichiometries, permeabilities, and relative values incorporated in a and 6&8. 

Other transients, which illustrate the bistable conditions of intracellular redox 
states, are the "reverse, oxidation-reduction" transients’’+! (instead of reduction-reoxida- 
tion) obtained for example with Krebs cycle intermediates such as malate, glutamate, and 
citrate. The same relationships between oxidation and phosphorylation potentials as 
described above might apply in this case, but the direction of the initial redox change 
is reversed, probably due to antecedent levels of metabolites and modifiers which alter the 
balance towards oxidation. 

Another aspect of multienzyme reactions in the intact cell is the compartmentalization 
of pathways. This effect is studied by observing the responses to sequential injections 
into the same cell of NAD or NADP-linked substrates from different pathways; for example, 
malate followed by glucose-6-P (Fig. 3) or isocitrate followed by 6-phosphogluconate.** 

The stepwise NAD(P)H fluorescence changes due to each substrate are clearly observed, but 
the topographic localization of the responses and their association with specific cell 
organelles is harder to assess (Fig. 4), due more or less to the diffuse intercellular 
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FIG. 2.--"Force of oxidation" vs "force of phosphorylation" relationship (Eq. 1) may be 
derived from time curve of NAD(P)H response to sequential injections of Malate and ADP into 


giant L cell produced by x irradiation. 


Coenzyme fluorescence increases after injection of 


Malate, drops rapidly after injection of ADP, then spontaneously returns to high level, most 
likely when phosphorylation of ADP is completed; thus, NAD(P)H maximum corresponds to ADP 
minimum. Rising branch of V shaped curve (i.e., NAD(P)H concentration, Eq. 2) after ADP 


injection can 
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(1): instantaneous ADP concentration x corresponds to 
Solid line is solution from Eq. (1); 


FIG. 3,--Two-step response induced by sequential injections of malate and glucose-6-P into 
giant L cell produced by gradual adaptation to high molarity culture media. 
adapted to growth in presence of 0.3 M sorbitol.) 
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(Observed cell 


localization of mitochondria, with emer- 
gence of compartmentalized responses at 
sites of more dense mitochondrial aggre- 
gation. In this respect the detection 
of mitochondria-associated NAD(P) redox 
changes is facilitated in a cell, such 
as the high molar concentration sorbi- 
tol-adapted L cell, which exhibits 
annulus-like perinuclear zones of high 
mitochondrial density. Such compart- 
mentalization as may be detected re- 
mains associated with relatively weak 
redox changes; larger redox changes 
tend to be diffuse due to distribution 
of mitochondria outside of the zone of 
aggregation or to involvement of the 
cytosolic compartment. 


Spectral analysts of cell co- 
enzymes. Methods are being developed 
for the deconvolution of intracellular 
NAD(P)H spectra in the steady state 
and in the course of a metabolic tran- 
sient, into the components free and 
bound NAD(P)H spectra. Flavin spectra 
indicate that the metabolically changing 
components represent a smaller fraction 
of total intensity in the flavin region 
of the spectrum, compared to NAD(P)H. 
such as azide or cyanide. 


Cell-to-cell metabolte cooperation. 


SCANS 


The spatio-temporal behavior of cells, 


XHIN: PA ie wm nem rem ae nee aa ae we 
MAX: 320.4 


a Ne er la ld lhe a a ad a a it Ag a a a a 


196 
MIN: 80.00 


isa 200 226 222 


CHANNELS 


224 226 


FIG. 4.~-Topographic analysis of metabolic 
compartments in L cell sequentially injected 
with substrates of Krebs cycle (malate) and 
glycolytic pathway (glucose-6-P = G6P). 
Abscissa: channels; each channel views a cell 
strip of about 0.6 wide along topographic 
scan axis. Ordinate: fluorescence intensity. 


Maximal flavin changes are obtained with inhibitors 


17 as deter- 


mined by coenzyme responses and tracers within the matrix represented by a multicellular 


assembly, exhibits the following features: 


a. 


Cell-to-cell transfer of chemicals is generally confined to a microdomain consist- 


ing of 2-10 celis,® which are either contiguous or connected by tentacle-like long exten- 


sions. 


Intercellular passage of material can be rapid, with transit times shorter than 


C.1s, but communication may be also delayed from a few seconds to a few minutes. 


b. 


The metabolic counterparts of "communicating microterritories" defined by fluo- 


rescent tracers are "multicellular integrated systems ,''? with predominance of the "micro- 
domain pattern" suggestive of a finely adjusted microregulation between connected cells, 


Cc. 


In specialized tissue, such as monolayer cultures of pancreatic islet cells, inter- 


cellular communication is evidenced by fluorescence, metabolic response, ultrastructural 
and immunoanalysis, among insulin, glucagon and somatostatin secreting cells.?° 


d. 


Discrete graded alterations of cell-to-cell communication in both normal and trans- 


formed varieties of cells suggest that even the normal varieties may be functionally 


altered in terms of communication. 


Preliminary evidence suggests that metabolic cooperation may be altered by ions, hor- 


mones, ionophores, or substrates. 


Celis generally deficient in communication, such as the 


L cell, show some degree of communication, with transit times near the lower limit of the 
time scale in the presence of dibutyryl cyclic AMP. ? 

The above fragmentary evidence, derived from fluorescence photography and linear scans 
of cells, awaits further evaluation under conditions designed to investigate the spatio- 
temporal behavior of multicellular assemblies, such as may be obtained by the two-dimen- 
sional scans of fluorescence (see Experimental). 
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Metabolte targets for studies with carcinogens. One such target is the relative res- 
ponse of mitochondrial-extramitochondrial pathways to substrates sequentially injected into 
the same cell, i.e., malate followed by glucose-6-P, isocitrate followed by 6-phosphoglu- 
conate.** Following the addition of carcinogens such as dibenzo(a,e)fluoranthene or 
dimethylnitrosamine, these pathways are affected differentially; thus there is, in the 
first minutes after such addition, a considerable acceleration of the glucose-6-P or 
6-phosphogluconate-linked NAD(P)H pathways, probably due to the high demand placed on 
NADPH by microsomal metabolization. Subsequently (within 30 min) the response to glyco- 
lytic or pentose shunt substrates tends to subside accompanied by the surge of a larger 
response to Krebs cycle substrate, e.g., isocitrate. 

Another target might be the process described by Eq. (1) which involves the relation- 
ship between the force of oxidation and the force of phosphorylation. 


Spectral studies with photosensitizers, carcinogens; metabolic processes affected by 
electron tunneling. In both instances the xenobiotic®® (carcinogen or photosensitizer) is 
detected at nuclear and extranuclear locations, in either the free or bound form. Inde- 
pendent studies with the photosensitizers on the high quantum yield of extranuclear pho- 
todynamic effects suggest that the cellular actions of these compounds may not be limited 
to their intranuclear interactions. 

Blue and red fluorescence emitters are detected in the cytoplasm and nucleus of benzo- 
(a)pyrene (BP) treated L and BRL cells in culture. In the L cell from 48 hr to several 
weeks after addition of BP, a blue-enhanced emission (i.e., increase of intensity ratios 
at 415/440 and 415/460 nm) is predominant in the nucleus and a red-enhanced emission (de- 
crease of the above ratios) in the cytoplasm or extracellular fluid. Treatment with the 
organosoluble quencher octyl iodide*’ results in narrowing of the nucleo-cytoplasmic 
differences, largely through removal of the red-enhanced emission. 

BRL cells, induced to exert a higher carcinogen-metabolizing activity (by 18h pre- 
incubation with benzanthracene) exhibit relative to controls, blue-enhanced emission (Fig. 
5) at cytoplasmic and nuclear sites in the first minutes after BP addition.*® In noninduced 
BRL cells the same emission increases in the nucleus within 20-40 min. 


150 


300 


(a) (b) 


FIG. 5.--(a) Fluorescence spectrum of benzo(a)pyrene in solution (solid line) compared with 
fluorescence spectrum of cytoplasm of BRL cell incubated for 48 hr in presence of 10° 
1,2-benzanthracene, the last 24 hr also in presence of benzo(a)pyrene (broken line). Fluo- 
rescence of induced cell cytoplasm is blue-enhanced. Compare 415/440 nm emission ratio in 
induced BRL cytoplasm and benzo(a)pyrene in solution. (b) Fluorescence spectra recorded 
from cytoplasm of BRL control cells (solid line) and BRL cells with aryl hydrocarbon hydro- 
xylase system induced by 18h preincubation in the presence of 10° M benzanthracene (broken 
line), about 3-5 min after acute addition of 10° M benzo(a)pyrene. Carcinogen fluorescence 
in induced cell is blue-enhanced compared to control. 
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Induced cells progress faster than noninduced cells towards a red-enhanced emission 
(perhaps a detoxification product), a state that seems to follow the blue-enhanced state, 

Some inferences about the nature of blue and red-enhanced emitters can be derived from 
studies on electron tunneling.* It is nonetheless first necessary to ascertain whether 
the blue and red-enhanced emissions correspond to separate molecular varieties such as 
metabolites, or whether they could represent the emission of the same molecule in different 
hydrophobic or aqueous phases or different binding and stacking conditions. From catalogs 
of BP metabolites with known fluorescence emission spectra it is indeed possible to identify 
red and blue-enhanced products of BP metabolization. 

Many of the most fundamental metabolic processes involve the transfer of electrons 
between macromolecules in such a way that electrons must tunnel across distances of 5-30 A 
through the potential barrier separating the molecules. Shorter-wavelength fluorescence 
emission corresponds to electrons excited with higher energy, which are therefore more 
aggressive for intracellular macromolecules or organelle membranes. Thus, from the stand- 
point of electron tunneling, blue-enhanced emitters would be more active than red-enhanced 
molecules. It is therefore possible to hypothesize that blue-enhanced emitters could be 
more toxic (i.e., carcinogenic) than the original molecule, or red-enhanced emitters, so 
that the latter are good candidates for detoxification products. 

Mathematical methods*? used in the resolution of complex spectra can lead to the iden- 
tification of such red- and blue-enhanced spectra as components of the sum spectrum recorded 
from the intact cell. The decomposition of spectra into components is an accepted standard 
technique. An example of the method is to recognize narrow spectral lines from elements 
and ions in order to find the number of impurities in an excited gas. However, to apply 
the method to spectra with broad features (e.g., finding the number of species in fluo- 
rescence spectra or dye absorption) is sometimes difficult, because the measurement at a 
given wavelength may be attributed to many components at once. It is well known that the 
number of independent spectra (equal to the number of species) in a number of observations 
is related to the rank of the largest meaningful matrix formed from the observed intensities. 
Some new computations have shown that there may be more physical meaning in the complete 
set of the "eigenvalues" and "eigenvectors" of that matrix. A theory is being formulated 
to utilize that method. °° 


Conelustons 


The eventful relevance of this work to the understanding of cellular metabolism is that 
the in situ distribution of control over the enzymes participating in such metabolism may 
be evaluated in relation to intracellular compartmentation and structure. The concept of 
the living cell as a matrix whose spatio-temporal behavior’’ is defined by the distribu- 
tion of control!?!* over enzymes participating in a metabolic system sensitive to changes 
in the concentrations of metabolites and modifiers, can be further broadened to explain 
and predict the behavior of multicellular integrated systems. The "dynamic biochemistry 
of the living cell,' which is thus developed, leads to new perspectives in cellular 
physiopathology with multifold applications in areas of biomedical research as varied as 
bioenergetics, the interregulation of differentiating or specialized hormone-secreting 
cells and intracellular interactions of xenobiotics among others, photosensitizers, and 
carcinogens. 
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APPLICATION OF FLUORESCENCE MICROSCOPY TO THE STUDY OF THE COMPONENTS OF COAL 
R. W. Stanton 


Fluorescence microscopy can be used effectively to evaluate coal quality. As a supplement 
to standard chemical analyses, the petrographic evaluation of coal, including the degree of 
coalification (maturation) , provides useful information for assessing the optimum utiliza- 
tion of a specific bed or block of coal. In recent years, reflected-light microscopy has 
become a powerful and useful tool for determining the character of coal. For this purpose, 
white-light, bright-field illumination, and a 50x oil-objective are used to identify petro- 
graphic entities in coal. Petrographic (maceral) composition is commonly determined by 
point counting. In addition, the degree of coalification or rank is precisely indicated 
by the reflectance of a specific petrographic entity--the vitrinite maceral. 

Visible fluorescence techniques are particularly useful for extending the capabilities 
of the incident light microscope. Various fluorescing macerals (organic petrographic sub- 
stances) can be readily differentiated and identified. Fluorescence characteristics of 
these macerals are related to their chemical properties such as the types of carbon bonds 
and molecular structures, 

Fluorescent techniques to study organic-rich sediments and rocks were developed and ap- 
plied by Jacob,! van Gijzel,*»3 and Ottenjann and others.* Initially, these studies con- 
centrated on the measurement of the fluorescence intensities and the spectra. More re- 
cently the use of fluorescence in the routine analyses of coal has become an important 
tool for refining the characterization of coal macerals. 


Method 


The fluorescence study of coal requires the following equipment: (1) an incident-light 
microscope; (2) a light source such as a 100W ultrahigh-pressure mercury lamp powered by a 
Stabilized supply; (3) an excitation filter either in the near ultraviolet (360nm) or blue 
(390nm) range; (4) a dichroic mirror fitted in the vertical illuminator to pass long-wave 
light (greater than 400 nm) and reflect short-wave light (less than 400 nm) (Fig. 1). For 
the measurement of spectral fluorescence, additional equipment is required: (1) a continu- 
ous interference filter that passes light from 400 to 700 nm; (2) a photomultiplier that 
is sensitive and can be used to measure the filtered fluorescent intensity; and (3) a mi- 
crocomputer to store spectral data and construct a corrected summary spectrum from a number 
of representative measurements. 

Analyses are made of polished samples usually consisting of coal particles less than 
20 mesh in grain size (less than 850 um) that have been mixed with an epoxy medium. Each 
sample is pulverized and subsampled so as to be representative of a much larger amount of 
coal. Other preparations include small polished blocks of coal that represent a thin lay- 
er or layers within the coal bed. The preparations are polished to a relatively scratch- 
free surface; however,even an unpolished surface can be analyzed because fluorescence does 
not depend on a perfectly smooth surface. 

Coal is composed petrographically of macerals (organic) and minerals (inorganic). The 
major groups of macerals are: (1) vitrinite, which is derived primarily from wood; (2) 
exinite, which is hydrocarbon rich substances derived from spores, pollen, algae, cuticles, 
or resins; and (3) inertinite, which is carbonized remains of other macerals. Qualitative- 
ly, fluorescence (commonly blue-light, 390-490 nm) is used to enhance details of the exin- 
ite maceral group. In low-rank coal (below medium-volatile bituminous) , exinite macerals 
fluoresce yellow-orange and reveal textural details that facilitate recognition, character- 
ization, and estimation of abundance. ° 


The author is at the U.S. Geological Survey in Reston, VA 22092. 
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FIG, 1.--Microscope and electronic components used in fluorescence measurements on coals. 


In addition, certain hydrogen-rich substances may be contained within other macerals 
such as vitrinite or inertinite. The use of blue-light fluorescence enables recognition 
of these substances and permits a quantitative evaluation of their abundances. 

Spectral fluorescence (ultraviolet light, 370 nm) is useful as a quantitative measure 
of the degree of coalification or maturation of sedimentary organic materials. The stan- 
dard technique of measuring vitrinite reflectance is used as a coal-rank indicator for 
coals within the range of high-volatile bituminous to semianthracite rank (0.70-2.50% re- 
flectance). Within this range the relation between vitrinite reflectance and the rank par- 
ameters of fixed carbon is fairly well established.© However, below 0.70% reflectance, 
the relationship does not hold because rank is defined by parameters other than fixed- 
carbon content, and the difference in reflectance values is not significant to the nearest 
0.01%. The use of vitrinite reflectance as an indicator of coal rank is therefore not ade- 
quate for low-rank coals. However, the measurement of the spectral fluorescence of sporin- 
ite is a useful technique for determining the rank of lignite, subbituminous, and high- 
volatile bituminous coals.+ As the degree of coalification increases, the fluorescent in- 
tensity of sporinite decreases and the peak of the spectra generally shifts from 500 to 
700 nm. This spectral shift in fluorescence takes place in coal whose vitrinite reflec- 
tances are generally below 1.22% or whose fixed-carbon contents are less than about 70%. 

The maceral sporinite which is composed of the substance sporopollenin was chosen as 
the best rank indicator because the chemical content of spores probably has been more or 
less constant throughout geologic time. Aithough the fluorescence parameters of recent or 
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uncoalified spores may differ somewhat from spore to spore, these differences become insig- 
nificant with a slight increase in rank.? Similar changes of fluorescence occur in most 
spores as coalification increases beyond the peat stage. 

Many published results of fluorescent studies are comparable; however, problems still 
exist in the precise calibration of equipment and standardization of techniques. In order 
to attain comparable data from different laboratories, workers need to (1) use a standard 
reference substance such as a uranyl glass to calibrate spectral intensities and (2) use a 
correction factor for background influence, effects of the microscope optics, the trans- 
mission of the interference filter, and the relative sensitivity of the photomultiplier. 
Some workers have successfully used a standard lamp to correct for equipment sensitivity. 
Another common problem is the recognition of specific parameters for spectra characteriza- 
tion. Most workers use a red/green quotient Q derived as follows: 


relative intensity at 650 nm 
relative intensity at 500 nm 


Q= 


Although the Q value has been shown to correlate well with vitrinite reflectance in coal 
samples of different rank, other parameters are sometimes necessary to explain double- 
peaked spectra. These parameters include spectral maximum, half-width value, intensity 
at 546 nm, and percentage alteration after 10 min of excitation. 7 


Conelustons 


The application of qualitative and quantitative fluorescence techniques increases the 
information derived from the microscopic study of coal and dispersed organic matter in sedi- 
mentary rocks. The use of blue-light fluorescence enables workers to identify hydrogen- 
rich substances that may go unnoticed in standard analyses because of their low reflec- 
tances. The use of spectral fluorescence measurements provides a microscopic technique to 
indicate rank in low-rank coals for which the use of vitrinite reflectance is not a sensi- 
tive technique. 


References 


1. H. Jacob, "Neue Erkenntnisse auf dem Gebiet der Lumineszenzmikroskopie fossiler 
Brennstoffe," Fortschr. Geol. Rhein. u. Westf. (Krefeld) 2: 569-588, 1964. 

2. P. van Gijzel, "Review of the UV-fluorescence of fresh and fossil exines and exos- 
poria," in Brooks et al., Eds., Sporopollenin, New York: Academic Press, 1971, 659-685. 

3. P. van Gijzel, 'Polychromatic UV-fluorescence microphotometry of fresh and fossil 
plant substances, with special reference to the location and identification of dispersed 
organic material in rocks," in Boris Aplern, Ed., Pétrographte de la mattére organique des 
sediments: Relation avee la paléotempérature et le potenttel pétrolter, Paris: CNRS, 1975, 
69-91. 

4, K. Ottenjann, M. Teichmuller, and M. Wolf, "Spectral fluorescence measurements of 
sporinite in reflected light and their applicability for coalification studies," Ibid., 
pp. 49-65. 

5. W. Spackman, A. Davis, and G. D. Mitchell, "The fluorescence of liptinite macer- 
als," Brigham Young Untverstty Geology Series 22(3): 59-75, 1976. 

6. E. Stach, M. Th. Mackowsky, M. Teichmuller, and others, Stach's Textbook of Coal 
Petrology, Berlin: Gebriider Borntraeger, 1982, 3d ed. 

7. P. van Gijzel, "Recent developments in the application of quantitative fluores- 
cence microscopy in palynology and palaeobotany," Annales des mines de Belgique, July- 
August 1978, 835-851. 


332 


K. F. J. Heinrich, Ed., Microbeam Analysis — 1982 
Copyright © 1982 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800 


STUDIES OF CALCIFIED TISSUES BY RAMAN MICROPROBE ANALYSIS 
M. D. Grynpas, E. S. Etz, and W. J. Landis 


The large majority of previous studies concerning the physical and chemical nature of bone 
tissue has utilized bulk material for analysis. Such investigations have been limited in 
this regard by the fact that whole and even macroscopic samples of bone are very hetero- 
geneous with respect to tissue age and mineral content. This is the result of active re- 
modeling of bone tissue even after longitudinal growth has ceased. Methods have been de- 
vised to narrow the heterogeneity of bone samples, including density fractionation, a 
technique that separates powdered bone into more homogeneous samples of increasing densi- 
ties and therefore of increasing tissue age.? Fractions of lower density contain younger 
bone mineral, and the distribution of bone material in varying densities is a much more 
sensitive index of aging and maturation of bone tissue than is the age of the animal. Pre- 
cisely for the latter reason we have used embryonic chick bone density fractions as well as 
whole chicken bone powder of various ages in this study. A second approach to reducing the 
complicating factors from lack of heterogeneity of bone samples under study is to use micro- 
scopic methods to examine very small regions or portions of the tissue. In this report, 
Raman microprobe analysis has been applied for this purpose. The Raman microprobe?»* has 
the dual advantage of being a microscopic method and a spectroscopic method, so that it al- 
lows the study of chemical species in a tissue sample. In contrast to x-ray diffraction, 
Raman spectroscopy does not rely on long-range atomic periodicity in a sample and is sensi- 
tive to minor constituents such as C032- and HPO, 27 in bone mineral, molecular entities, or 
compounds undetectable by x-ray methods. Furthermore, both molecular organic and inorganic 
constituents of a tissue can be detected and identified equally well, whereas in x-ray dif- 
fraction or in x-ray microprobe analysis heavy-constituent elements dominate the pattern. 
This report investigates by Raman microanalysis the changes in structure and composition of 
chicken bone of various animal ages (embryonic, S-week, and l-year-old) and fractions of 
chick bone development stages (embryonic density fractions) as well as embryonic chick tibia 
sections. With advancing age of the bone we found an increase in carbonate C0327 content 
(part of which may be organic), a persistence of organic material not necessarily attribu- 
table to collagen, a general increase in mineral content with a concomitant decrease in or- 
ganic species composition, and a very early disappearance of acid phosphate, HPO,27. 


Matertals and Expertmental Technique 


Bone Samples. All the bone powders examined consist of mid-diaphyses of chicken tibiae 
freshly dissected from surrounding soft tissues, frozen in liquid nitrogen, and lyophilized. 
The bone samples were then reduced in a hammer-percussion mill (cooled by liquid nitrogen) 
to a powder whose constituent particles range between 1 and 10 um in size, with an average 
Size of about 5 um. Powders from the 16-day embryonic chick, 5-week chicken, and l-year-old 
chicken were examined without further treatment. The 17-day embryonic chick bone powder was 
separated into fractions by centrifugation in bromoform-toluene mixtures of increasing den- 
sities,* ranging from 1.4 to 2.1 g/cm? in steps of 0.1 g/m. Each fraction was washed in 
absolute alcohol, dried to constant weight, and stored in a desiccator. Recovery of start- 


Authors Grynpas and Landis are members of the Laboratory for the Study of Skeletal Dis- 
orders and Rehabilitation, Harvard Medical School and the Children's Hospital Medical Cen- 
ter, Boston, MA 02115. Collaborator Etz is with the Center for Analytical Chemistry of the 
National Measurement Laboratory, U.S. National Bureau of Standards, Washington, DC 20234. 
This research was supported in part by NIH grant AM 26843. We wish to acknowledge the 
technical assistance of C. Lane, I. Grubliauskas, and M. Paine at the Children's Hospital 
Medical Center. 
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ing material was about 90%. Finally, a transverse section of an 18-day embryonic chick 
tibia, frozen, lyophilized, and embedded in Epon, was cut dry on a microtome to 2 um thick- 
ness, then transferred in ethylene glycol and deposited on a sapphire substrate used for all 
Raman analyses.° Powders were dried on sapphires in absolute ethanol. 


Raman Microprobe Measurements. All spectra were recorded on the Raman microprobe of the 
National Bureau of Standards, which is described elsewhere. The irradiance was between 10 
and 20 mW; the beam size, about 15 um. Each scan was repeated and several particles ex- 
amined on each sapphire. evect? of all samples (powders and sections) were obtained with 
514.5nm excitation and Scm™* spectral slits. 


Results 


The chemical data of the chicken powder samples are shown in Table 1. 


TABLE 1.--Chemical data of chicken bone powders. 


Sample Ca% % Ca + PO,% Ca/P (molar) 
16-day chick embryo, unfractionated 19.6 11.0 55.5 57 
5-week chicken, unfractionated 23.0 10.7 55.8 1,66 
l-year chicken, unfractionated 25.5 i are 60.7 1.71 


The Raman microprobe spectra of Fig. 1 show a series of unfractionated chicken bone pow- 
der from embryonic chick to l-year-old chicken with total carbonate content increasing from 
about 3 wt.% in the embryo to about 6 wt.% in the l-year matured bone sample. All sample 
spectra are plotted as scattered intensity (in arbitrary units) versus Raman shift (in wave- 
number units, cm=!). The main features of these spectra are phosphate bands from the 
apatite-like phase of the inorganic mineral component of bone (principal band at about 960 
em-!), three amide bands, and C-H stretching (at about 2940 cm7/) of the organic matrix. 

Some band assignments are given in Table 2. 


TABLE 2.--Band assignment for Raman spectra? >® »7 (in em7!), 


3325 water pies Amide ITI 960 vq PO, 
2934 C-H stretching 854 proline ring 
ze70 Amide I rey as vy PO 
1642 1079 5365 oe 
1594 Amide II oe) Ue 464 

1030 v2 PO, 
1456 an 
1442 CH» or C03 1004 v, organic PO, or 

Pheny lalanine 

1348 
1326 “He 


Of great interest is the carbonate band at 1074 cm™! and the very sharp band at 1004 
em”! that we shall discuss below. Figure 2 shows the spectra of decalcified mature turkey 
bone and of a low density fraction (1.5 to 1.6 g/cm?) and a high density fraction (2.0 to 
2.1 g/cm*) of 17-day chick embryo bone. In the turkey demineralized bone, bands attribut- 
able to collagen (amide I, II, and III), noncollagenous proteins, and other organic moieties 
are shown (C-H and CH2 and mig bands). Besides all the organic bands, other very sharp 
peaks appear at 960 cm7! (PO,°7~) and 1074 cm7! (C0377), which may represent remnants of min- 
eral matter or particles which have reprecipitated in the matrix after demineralization. 
This same sample examined by x-ray diffraction has no apatitic pattern. The 1.5-1.6 density 
fraction (less than 25% mineral content), representative of very early mineralization (all 
the mineral constituents are less than a day old), is characterized by a weak, but defini- 
tive, phosphate peak at 960 cm7=!; no detectable carbonate peak; peaks at 1038 or 1068 cm}, 
possibly attributable to HPO,*~; all the organic bands detailed above; and the sharp band 
at 1004 cm!. In the 2.0-2.1 density fraction, which represents the most mineralized por- 
tion of this bone (with a mineral content greater than 60 wt.%), there are present a phos- 
phate band greatly increased in strength at 960 cm7!, a carbonate band at 1074 cm7!, the 
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organic bands, and the still sharp but decreased band at 1004 cm+. No presumptive HPO,,27 
bands appear. 
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FIG. 1.--Composite of three spectra: particles of unfrac- FIG. 2.--Composite of three spec- 

tionated chick bone powders. Top, 16-day embryonic chick tra. Top, decalcified mature 

whole bone, 200-3600 cm7!; middle, S5-week chick bone, 200- turkey bone, 300-1800 cm™!; mid- 

3600 cm7!; bottom, l-year whole chick bone, 200-3600 cm7!. dle, 17-day embryonic chick bone, 
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(a) (b) 
FIG. 3.--Optical micrographs: (a) transmitted light, 50x; (b) transmitted light, 
125x, of a transverse section (lyophilized) of 18-day embryonic chick tibia, em- 
bedded in epoxy (Epon). Thickness of section about 2 ym. Mounted on Sapphire 
substrate. 


Figure 3 shows two optical micrographs of the Epon-embedded chick tibia sectioned 
transversely (2 um thick). Two spectra (Fig. 4) were obtained from the section, one from 
a mineralized zone (A), the other from a nonmineralized area (B) (cf. Fig. 3). In the 
latter spectrum (Fig. 4b), bands appear, including one at 1452 em-!, which all seem to 
originate from the Epon embedding material.® Because of the small thickness of the sec- 
tion (2 um), no obvious bands from the organic matrix of bone are detected. Bands labeled 
'S' are due to the scattering from the sapphire substrate. In the spectrum from the miner- 
alized portion of the tissue section (Fig. 4a), the 960 cm-! phosphate, the 1074 cm-! car- 
bonate, the amides, and the sharp band at 1004 cm-! are clearly visible. 


Disecusston 


The sharp band at 1004 cm!, which can be seen in the spectra of all the bone samples 
and seems to be decreasing with increasing mineral content, has been attributed by some 
workers” to phenylalanine and by some others to organic phosphate.° It remains to be de- 
termined which assignment is correct and why this band is so prominent in all the bone pat- 
terns. Besides the concurrent increase in phosphate bands and decrease in organic bands, 
the carbonate seems to be following a smooth increase with animal age.!9 The absence of 
carbonate is noted only in the very early mineralized phase (low density fraction of em- 
bryonic bone) where HPO,*- seems to be present, a correspondence in agreement with chemical 
measurements made by Pellegrino and Biltz!! on developing chick bone. 

Although the Raman microprobe is not now fully quantitative because of the complexity 
of biological specimens ,!2 it is nevertheless a very sensitive tool for observing subtle 
changes in the chemistry and structure of bone mineral. With the direct examination of 
bone tissue sections by Raman microanalysis, the mineralization process may be followed in 
situ and correlated with morphology, and the effects of various tissue preparation methods 
on the chemistry of these biological mineralized tissues may be assessed. The work pre- 
sented here indicates the extreme utility of the method but many questions remain to be 
answered--the proper assignment of the sharp band at 1004 cm7!, the changes occurring in 
the water bands, the effects of tissue preparation on the Raman signal, and others. An- 
swers should come from detailed investigation of these and additional mineralized samples 
to improve our knowledge of the chemical and structural changes that occur in bone tissue 
during maturation and aging. 
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CHARACTERIZATION OF NATIVE OXIDES ON MERCURY CADMIUM TELLURIDE 
Fran Adar, R. E. Kvaas, and D. R. Rhiger 


The Raman spectrum of an anodically prepared 700A oxide film on mercury cadmium telluride, 
Hgg.7Cdg.3Te, has been recorded. Raman spectra of microparticles of eight oxides of these 
metals have also been recorded in order to characterize the native oxide film. The spec- 

trum of the oxide film does not match that of any of the reference compounds--TeO) (para- 

tellurite), HgO, Hg 0, CdTeO3 (two crystal polymorphs), HgTeQ3, TeO3, CdTeO,, HgTeOg. The 
chemical composition of the oxide and its long-range order (crystalline or amorphous) have 
been considered. In particular, the depletion of mercury, and the ability of Raman spec- 

troscopy to differentiate between CdTeQ3 and a mixture of CdO and TeQ2 is discussed. 


Experimental Condittons 


The Raman microparticle spectra were recorded either on the MOLE (Molecular Optical 
Laser Examiner) or on the Ramanor U1000 optically coupled with a microscope for Raman micro- 
probe analysis. The particles were dispersed on a slide and examined without further prep- 
aration. Because of the possibility of laser-induced evolution of Hg from Hgo0, particles 
of HgsO were also examined under water, which served as a heat sink. 

The spectrum of the oxide film was recorded on the microscope accesory on the U1000. 
Because of the fragility of the films to high laser irradiance, the spectrum was recorded 
by averaging of overnight signals generated by 0.5 to 1.0 mW of laser intensity at the sam- 
ple. In addition, it was necessary to defocus the laser beam to about 15 um. Independent 
scans of different spots on the same sample produced the same spectrum shown here. 


Results 


Reference Spectra. Spectra of microparticles of the oxides are presented in Figs. 1-7. 
One sees clearly that the Raman spectra provide a clear fingerprint for composition. Sev- 
eral comments regarding these spectra are useful. 

Examination of various particles of TeQ) indicate some variability in the spectra, 
which can probably be attributed to excitation of infrared-active extraordinary phonons 
with wavevectors along axes between z and the x-y plane.! 

The spectrum of HgoO is identical to that of HgO (Fig. 2). Since laser illumination 
may produce evolution of mercury from Hg,0, we attempted to minimize this effect (if it 
were occurring) by examining particles under water. The spectra of Hg2O under water and in 
air are essentially identical; the principal difference is the narrower linewidths of the 
bands of the former. We may thus conclude that either we could not prevent evolution of 
mercury from the lattice, or that the spectra of the two compounds are identical. In gen- 
eral, the second possibility would not be worthy of consideration. However, in this in- 
stance, there is independent evidence that in Hg,0 the second atom of mercury resides in 
the lattice of Hg0 without any chemical interaction.? 

Samples of CdTeO3 from two vendors were examined. The Raman spectra shown in Fig. 4 
are quite distinguishable. This result implies the presence of two crystalline polymorphs 
for this material and was confirmed by x-ray diffraction. In addition, there is consider- 
able variation of lineshape in the spectra of particles in both specimens, which is con- 
Sistent with the known property of TeOQ» to be a glass former .? 

Native Oxide. The spectrum recorded from the native oxide is shown in Fig. 8. It con- 
sists of a broad band centered at about 715 cm-! and some weaker bands at higher frequency. 
This spectrum does not match that of any of the reference compounds. Because of the width 
of the bands one may conclude that the film is amorphous. 


Author Adar is at Instruments S.A., Inc., Metuchen, NJ 08840; authors Rhiger and Kvaas, 
at Santa Barbara Research Center, Goleta, CA 93117. 
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FIG. 6.--Raman spectrum of microparticle FIG. 7.--Raman spectrum of microparticle 
of CdTeQ,, 514.5 nm, 300um slits, 100 mV, of HeTeOg, 514.5 nm, 300um slits, 100 mW, 
100x, 100 cm7!/min. 100x, 100 cm~!/min. 


wood 


FIG, 8.--Raman spectrum of 700A native 
oxide film on Hgo , 7Cdo, 3Te; 914.5 nm, 
300um slits, 7 mW (ca 1 mW at sample), 
80x, 50 m7! /min, laser beam spot ca 

15 um; this spectrum represents an accu- 
mulation of 27 spectra added in succes 
sive scans. 


inactive. However, characterization of more complicated phases of Cd is somewhat ambiguous 
with the elemental techniques. 

The potential of Raman spectroscopy to characterize a crystalline or amorphous phase 
of the HgfTe03/CdTe03 solid-solution system is at present being explored for further clarifi- 
cation of the native oxide film of Hgg 7Cdg 3Te. The frequency of the band that was ob- 
served at 715 cm7! is closest to the strongest bands of CdTe03 (681 or 720 cm™!, depending 
on the crystal type), HgTe03 (699 em-!), or possibly TeO3 (three broad bands of equal in- 
tensity at 500, 670, 800 cm-!). In addition, one sees that examination of the spectra re- 
corded from several particles of each sample of CdTeQ3 indicates substantial variation in 
linewidths, a result of the tendency of this material to solidify in a glassy phase. Be- 
cause it is expected that CdTeOQ3 and HgTeQ3 form solid solutions, examination of glasses of 
known composition will aid in the characterization of the native oxide film. Such experi- 
ments are being planned for the coming months. 
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Destructive Laser Microprobe Techniques 


LASER MICROPROBE MASS ANALYSIS (LAMMA): CURRENT STATE OF THE ART WITH SPECIAL 
EMPHASIS ON BIO-MEDICAL APPLICATIONS 


R. Kaufmann 


Although the potential benefits and advantages of laser microprobe mass analysis (LAMMA) 
have been recognized for a rather long period of time, the advent of this technique in 
practical analytical work did not occur before 1978 when the first instrument (LAMMA 500, 
Leybold Heraeus) became commercially available that could truly compete with other existing 
microprobe techniques. Since that time a rapidly increasing number of successful applica- 
tions have been published and the spectrum of applicative fields has been broadened. Orig- 
inally developed primarily for biomedical microprobe analysis, the LAMMA principle has now 
gained as much acceptance in materials sciences, particle analysis, and--more recently-- 
organic mass spectrometry, where it is on the way to becoming a unique technique for the 
analysis of involatile and/or thermally labile organic compounds. 

At present the total number of original reports published amounts to about 150, includ- 
ing several reviews and survey papers on the various applicative topics.!~° The remainder 
of this paper delineates the current state of the art of the LAMMA technique with special 
emphasis on biomedical applications; other applicative trends will be treated in additional 
contributions by other authors at this conference. 


Instrumentatton 


Instrument design and performance data of the LAMMA 500 instrument have been extensively 
published®-? with regard to the various fields of applications and hence will not be re- 
peated here. Although the LAMMA 500 instrument has only been slightly modified since its 
introduction, further improvements and modifications have been achieved, but so far only on 
the laboratory level. This applies to the following items: 


Laser microscope 

Imaging system 

Analysis of bulk material (reflecting geometry) 
Quantitation 

Specimen preparation 


Laser Mtcroscope and Imaging System 


Coupling of an optical microscope with the output of a laser light source is anything 
but a straightforward task, particularly if one aims toward diffraction-limited focusing 
of the laser beam. This technique requires consideration of the quality of the laser beam 
(divergence, optical modes, beam diameter, intensity distribution across the beam), proper- 
ties of alignment and functional components (filter, mirrors, beam splitters, intermediate 
optics, precision mounts etc.), and, last but not least, the microscope itself. 

Based on the experiences acquired with the current LAMMA 500 instrument the author has 
redesigned the whole optical part of the system including the microscope and the illumina- 
tion sections. With respect to the industrial version the new concept features: 

e reduced transmission losses of laser output energy (only two 90° beam deflections 
instead of five) 

@ considerably improved alignment procedures 

@ continuously adjustable (polarizing) and separate filters for both pilot and impulse 
lasers 


The author is with the Institute of Physiology, Department of Clinical Physiology, 
University of Dusseldorf, 4000 Dusseldorf, Federal Republic of Germany. 
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e energy output meter behind optical filter 

@ independent beam expanders for optimal adaptation of the beam diameter to the en- 
trance pupil of the microscope objective and for correction of the remaining achromatism of 
the ultrafluar objectives employed 

e infinity ray pathway in the optical microscope for better adaptation of additional 
imaging or analytical components 

e UV transmitting transillumination system (A = 250 nm) 

e incident illumination via fibre optics 
incorporation of a (UV sensitive) TV camera 
e adaptation of an OMA detector for monitoring actual laser beam intensity profiles 


A schematic drawing of the new concept is shown in Fig. l. 

Figures 2-5 give some impressions of the improvements attained in spatial resolution 
of both the imaging and the analytical parts of the instrument. With the 100~x ultrafluar 
objective, perforation diameter (in 0.2um thick sections of an epoxy resin specimen) of 
0.3 um can now routinely be achieved (Fig. 4). 

Another considerable improvement (especially for the analysis of unstained tissue sec- 
tions) came from the incorporation of the UV transillumination. The poor structural infor- 
mation obtained in semithin sections of unstained tissue specimens made it rather diffi- 
cult and sometimes impossible to correlate analytical data with structural details of the 
specimen under investigation. In many cases analyses had to be executed blind and the sites 
of analysis later identified by subsequent staining of the specimen and light microscopic 
or, if necessary, electron microscopic inspection. Since the absorption edges of nucleic 
acids start at about 270 nm, and those of the proteins between 250 and 230 nm, UV transil- 
lumination was attempted in order to obtain absorption contrast images in otherwise fully 
transparent semithin sections of epoxy-embedded histological materials. To this end the 
transillumination system of the LAMMA 500 instrument was redesigned, with UV transparent 
optics used in combination with a 75W XBO high-pressure xenon lamp. With the aid of re- 
flection band pass filters it was found that light of 250 + 10 nm gave best results with 
respect to absorption contrast under the conditions chosen. For image conversion a Philips 
mini-TV camera (LDM 2600) with a UV-sensitive vidicon (XQ 1453 KV) is employed. 

As demonstrated particularly by Figs. 2 and 3 this kind of UV transillumination gives 
rather satisfactory image contrasts (in comparison with other microscopic imaging tech- 
niques such as phase contrast or interference contrast) in the tissue specimens commonly 
employed for LAMMA analysis. 

In addition, since the spatial resolution attained in an optical microscope is corre- 
lated to the wavelength of the light, the 250nm illumination will improve the useful mag- 
nification of the optical microscope by a factor of 2.5 in comparison to visible light. 


Analysis of Bulk Material 


In the LAMMA 500 instrument analysis of bulk materials is possible only under the con- 
ditions that a specimen is not too extended and that the laser can be focused at grazing 
incidence on a specimen's edge. 

In recognition of these rather limiting conditions and, on the other hand, the large 
demand for microprobe analysis in bulk materials, a new concept was developed recently, 
based on an incident (reflection) geometry with respect to laser focusing-, imaging-, and 
ion extraction elements, as discussed by Hillenkamp in another paper at this conference. 


Sensitivity and Reproductbt lity 


As in any microprobe technique, detection limits for LAMMA analysis depend on opera- 
tional conditions of the instrument as well as a number of properties of the specimen under 
investigation. The list includes (among many others) parameters such as ionization poten- 
tial for positive ions and electron affinity for negative ions, binding state of atomic 
ions in the surrounding matrix, bond strength in organic molecules, stability of ions gene- 
rated, probability of recombination processes in the laser-induced microplasma and--on the 
instrument side--the laser wavelength and irradiance in the focus. Detection limits can be 
therefore specified only for a given analytical problem under well-defined instrumental con- 
ditions. The scatter of data published so far for LAMMA analyses is mainly due to the 
rather different working conditions chosen by the various investigators. For better com- 
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PIG.1.--Schematic modified LAMMA instrument. 


FIG. 2.--Comparison 
of structural con- 
trasts obtained by 
various transillumi- 
nation techniques in 
unstained 0.3um sec- 
tion of plastic- 
embedded tissue spec- 
imen: absorption con- 
trast, visible light 
(upper left), phase 
contrast (upper 
right), UV absorp- 
tion, ir 350 nm (low- 
er left), UV absorp- 
tion, A = 250 nm (low- 
er right). Ultra- 
fluar 32x, 
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PIG, 3. --Comparison of image contrast obtained in unstained blood smear by transmitting 
illumination with either visible light (left) or 250nm UV light (right); image diameter, 


200 um. 


FIG. 4,.--Laser perfor- 
ations obtained in 
human granulocyte. 
(100x Ultrafluar). 
Image contrast by UV 
transillumination 

(A = 250 nm). Mean 
perforation diameter, 


0.4 um. 
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FIG. 5.--Comparison of structural contrast in laser-probed area of foreign body granulation 
tissue surrounding piece of metallic copper in vitreous body of rabbit eye. Note dark area 
in UV transmission image (left), which has been shown to contain Cu by LAMMA analysis. 
(Courtesy of Dr. Paulmann, Department of Ophthalmology, University of Cologne.) 


parison of such data in the future it would be best to establish some sort of standard con- 
ditions, for instance irradiance set at five times the appearance threshold for ions, laser 
wavelength 265 nm, 32 x Ultrafluar. 

Table 1 summarizes relative detection limits for element analysis in various matrices. 
It should be kept in mind that in LAMMA analysis relative sensitivity depends on the total 
amount of material analyzed. The data shown in Table 1 refer to a typical situation, i.e., 
a volume of analyzed material in the range of 2-3 x 10-13 om3, 

The reproducibility of the ion signals from shot to shot depends on the homogeneity of 
the sample and--in the analysis of organic molecules originally in solution--strongly on 
the choice of a suitable preparation method. For the particularly interesting case of phy- 
siological or toxic elements in organic material, reproducibility is typically better than 
+ 20%. As successive spectra can be recorded at a rate determined by the selection of a 
new site for analysis with the microscope stage (i.e., at a rate of several spectra per 
minute), averaging over a suitable number of spectra is easy and usually advisable for in- 
creased reliability of results. 


Compartson wtth Other Microprobe Techniques 


Some investigators have started to execute systematic comparative studies in order to 
evaluate performance data of, say, LAMMA, EDAX, or SIMS in the same specimen (see, for ex- 
ample, Refs. 5 and 34). 

The experience and data available so far indicate that in organic matrices element sen- 
sitivity of LAMMA is one to two orders of magnitude better than that of EDAX depending on 
the element to be analyzed (Table 2). With respect to SIMS, sensitivity is of the same 
order of magnitude for most elements but LAMMA tends to be slightly better for heavy ele- 
ments. The potential advantages of LAMMA versus SIMS may be summarized as follows: (1) 
matrix effects on ion yield less pronounced, (2) no analog to "differential sputtering," 
(3) no coating required, (4) better imaging capabilities. 


Quantitatton 


In the present state of the LAMMA technique, and with the lack of a theory unifying all 
physical effects of ion formation, quantitative analysis with LAMMA is difficult particu- 
larly if one looks for absolute quantitation. As it is especially difficult or sometimes 
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impossible to determine the sampled mass volume, the only approach to absolute quantitation 
would be the use of internal standard reference elements. Under favorable analytical con- 
ditions (thin sections of epoxy-resin embedded material coated or doped with known amounts 
of reference material) such an. approach has been successfully applied.>>!° 


TABLE 1.--Relative detection limits (ppmw) for element analysis (positive ions). 


Organic Organic 
matrices matrices 


Glass 
matrices (1) 


ft 
DNDODAAFPAWUYNR DA A ~I 


ia) 


(1) NBS standard reference glasses of the SRM 610-616 series. Limits defined by ele- 
ment signals exceeding 3 times standard deviation of the background noise. No further con- 
ditions given.!" 

(2) Data obtained by Schroeder? in either natural pigment granula or epoxy resin ma- 
trices (0.3um thick sections, 0.5um perforations, no threshold related conditions given). 

(3) Epoxy-resin (Spurr's low viscosity medium) reference standards containing trace 
amounts of organo-metallic complexes. Working conditions: 10-13 g evaporated material ir- 


radiance set at 5 times the damaging threshold 
ses must exceed 3 times the background noise. !3 

(4) Value measured by Schroeder? in a standard specimen of CaF deposited on a 0.3yum 
epoxy resin section. 


Signal intensities, averaged over 5 analy- 


TABLE 2.--Comparative detection limits TABLE 3.--Relative sensitivity factors (RSF) 
(mmol/1) for some elements in organic for trace elements distributed in either NBS 
matrices (after Schroeder?) . 610 reference glass or in an epoxy resin 


(Spurr's low-viscosity medium): (1) Surkyn and 
Adams,‘ (2) Wurster et al.,°° (3) Kaufmann 


Pigment granules EDX LAMMA Bt ails 
Ca 1 0.04 
Sr 1.5 0.03 
Ba 0.8 0.02 
La LZ 0.06 
Ca film vacuum 
deposited 0.8 0.01 
Doped spurr 
Li - 0.5 
Sr 1 0.08 
ee co aaa as hee eee, ON *39K data unreliable, most probably owing 


to detector nonlinearity. 
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For relative quantitation the situation is not so restricted provided that linearity be- 
tween signal intensity and concentration can be assumed. That LAMMA fulfills this prereq- 
uisite has been shown for example by Kaufmann et al.!! This feature in turn opens the pos- 
sibility of establishing relative sensitivity factors empirically by means of standard ref- 
erence materials of similar thermal, optical, and chemical properties as the unknown sample. 
Another approach is to apply the LTE (local thermodynamic equilibrium) model, provided that 
realistic guesses can be made as to the relevant parameters such as partition functions, 
electron density, and plasma temperature. 


Relative Sensttivtty Factors (Emptrical Approach). The relative sensitivity factor 
(RSF) can be defined for an element or isotope x as 


Peo 


(1) 
Cte 


(RSF). = 


with I and C denoting the measured peak intensities and concentrations of the element X and 
of the reference element R, respectively. 

Relative sensitivity factors applicable in LAMMA analysis of various materials have 
been published by Kaufmann et al.!4 for trace metals in epoxy-resin reference material, by 
Kaufmann et al.!% for microspheres and fibers made from NBS research material glasses (K 
309, K 491), and by Surkyn and Adams!* for the NBS research and reference glass standards 
(K 411, K 309, K 961, SRM 610, SRM 612) and for the SRM 1633 fly ash standard. Some RSFs 
measured by the above authors are summarized in Table 3. 


Relative Sensitivity Faetors (LTE Approach). With the assumption of a local thermody- 
namic equilibrium (LTE) in the laser-induced microplasma, the degree of ionization a, of an 
element X is given by 


+ 
n 
BS ic atin ge a i ‘i 0 
a = 0 (if Ria ae nd (2) 
x 


+ aes oan . 
(where ny and n, are the number densities of neutral atoms and positively charged ions re- 


spectively) and can be calculated using the well known Saha-Eggert equation: 


ne 2g 2ameerst? 

os exp [-(W - A W)/kT] (3) 
n Qn h2 

x x € 


where n, is the electron density, T is the plasma temperature, oe and Q are the partition 
functions of atoms and ions, respectively, m, is the electron mass, h is Planck's constant, 
W is the ionization energy, and AW is the Coulomb depression. Ionization energy can be 
taken from the literature, but partition functions (and their dependence on temperatures 
above 7000°K) are not easy to obtain. Plasma temperature and electron density under prac- 
tical analytical conditions have been estimated by Surkyn and Adams!4 to about 13 000°K, 
whereas Haas et al.!° obtained best approximation of their data with T = 8000°K. Both 
groups refer to electron densities of ny = 1018 cm-3, 

The model can be used to predict relative sensitivity factors under various experimen- 
tal conditions (Fig. 6) if, for instance, plasma temperature varies with laser power and 
provided that reasonable guesses can be made as to partition functions and electron den- 
sity. For an explicit explanation of how to obtain numerical data applicable to this meth- 
od the reader is referred to the literature.!&-2! 

Such "theoretical" sensitivity factors can be compared with experimentally determined 
data. Figures 7 and 8 demonstrate that theoretical RSFs as predicted by the LTE model 
agree rather well with those determined experimentally, at least in selected materials. 
However, the LTE approach is far from always being an adequate concept for the quantifica- 
tion of LAMMA analyses. Ionization processes occuring in the low-irradiance domain are 
considered to violate the conditions of a local thermal equilibrium. Furthermore, with re- 
duction of the analyzed volume of material (at spatial resolutions close to diffraction- 
limited spot sizes) one might be doubtful whether or not there is still enough material and 
time available to attain a local thermodynamic equilibrium. Matrix effects, the chemical 
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state of the elements under investigation, and inhomogeneities of energy deposition due to 
the sample and/or beam geometry may, in addition, limit accuracy. 
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FIG. 6.--Calculated relative sensitivity factors (RSF) for Li, Na, K, Sr, and Pb (normal- 
ized to K = 1) as dependent on temperature T and electron density (see Saha-Eggert equa- 
tion). (After Ref. 1.) 
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FIG. 7.--RSFs as predicted by LTE model FIG. 8.--RSFs as predicted by LTE model vs 
(Etheor) VS experimentally determined RSFs RSFs experimentally determined in NBS K 309 
in a nickel-iron alloy. (After Ref. 1.) standard reference glas assuming T = 8000°K, 
ng = 2 x 1017 cm-3, ng = 107! cm-3. (After 


Ref. 1.) 


In conclusion, then, quantitation in LAMMA analysis requires careful evaluation of the 
analytical conditions and, even in the best case, is limited by the "weakness of the meth- 
odology" (Surkyn and Adams!*). Nevertheless, we can say that with further improvements in 
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the stability of laser emission, precision of focusing, specimen preparation techniques, 
and signal processing one will end up with a quantitative accuracy comparable to that of 
the ion microprobe, that is to say 10-20% SD for relative, and 20-50% SD for absolute 
quantitation. 


Spectmen Preparatton 


Unlike in materials sciences where the majority of samples to be microprobed consists 
of solid-state matter, most biomedical samples are highly hydrated and, with a few excep- 
tions, not directly accessible to any kind of microprobe analysis. (Laser microfluorometry 
and Raman microprobe are the only techniques principally applicable to living hydrated 
systems.) 

Therefore, specimen preparation for microprobe analysis basically means transforming 
the specimen into the solid-state phase from which semithin (0.3-lum) histological sections 
can be cut. 

For this purpose conventional fix- 
ation and dehydration procedures are 
not appropriate if one is interested 
in the analysis of highly diffusible 
water-soluble compounds such as phys- 
iological cations. To prevent intol- 
erable leaching or redistribution of 
such compounds cryotechniques are most 
commonly employed. They all start 
with shock freezing the specimen by 
either immersion in an appropriate 
liquid coolant (liquid No, freon, pro- 
pane) or by contact with a polished 
metal surface cooled down to liquid 
No or liquid He temperature. This 
technique gives satisfactory struc- 
tural preservation over a limited 
specimen depth where the cooling rate 
is fast enough to prevent the forma- 
tion of larger ice crystallites. From 
the viewpoint of an electron microscop- 
ist, a good ultrastructural preserva- 
tion of shock-frozen specimens is 
found over a specimen depth of only 
10-15 um, yet the situation is not so 
restricted for analytical purposes, 
since ice-crystal damage can be tol- 
erated as long as the extent of damage 
is below the spatial resolution of the 
microprobe system. In the case of the 
LAMMA analysis, 100um-thick layer of 
the specimen is acceptable. (Fig. 9). 

After shock freezing, the specimen 
can be further processed in three ways: 
(1) It can be sectioned in a cryoul- 
tramicrotome and the section then 
analyzed either in the hydrated state 
(cryostage in the analytical instru- 
FIG. 9.--0.3um section of freeze-dried and plastic- ment) or after freeze drying at room 
embedded muscle specimen (frog's sartorius muscle). temperature; (2) the bulk specimen can 
Cooling by immersion in super-cooled propane. Sur- be freeze-dried in toto in a special 
face of specimen is at upper edge of micrograph. freeze-drying device at temperatures 

below -80°C followed by epoxy-resin 
embedding under vacuum (Spurr's low-viscosity medium) and cutting dry sections on a conven- 
tional ultramicrotome; or (3) instead of freeze drying, freeze substitution by an apolar 
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medium can be employed before embedding and sectioning. Most of the biological samples 
used in LAMMA studies were prepared according to the second procedure cited above. In spe- 
cial cases (analysis of Ca) precipitation techniques appear to prevent dislocation of the 
element to be analyzed even if wet fixation, dehydration, and staining procedures are em- 
ployed. For a more extensive discussion of preparation techniques for biomedical micro- 

b lysis th der is referred to Echli d Kauf ae 
probe analysis the reader is referred to Echlin and Kaufmann. 


LAMMA Applications tn Btomedical Microprobe Analysis 


Since the advent of the LAMMA technique in 1976 many biomedical applications have been 
performed. They have been related to a rather wide spectrum of scientific problems which 
are much too broad to be listed in detail (Table 4). Although the following discussion of 
LAMMA applications attempts to cover the most significant cases where a broader range of 
interest can be anticipated, the presentation must necessarily be incomplete. A more ex- 
tensive and complete collection of LAMMA work in general and biomedical applications in par- 
ticular is contained in the proceedings of the first LAMMA symposium.?? 


TABLE 4.--Biomedical studies performed with the aid of the LAMMA technique. 


Electrolytes in tissues 

Na, K, Ca, Ba in vertebrate retina 
Ca in invertebrate photoreceptor pigments?° 

Na/K ratio in transport-active epithelia of the inner ear 
Li, Na, K, Rb, Cs uptake in striated mus re cells?7 
Na/K/Ca ratio in hypoxic mammalian heart? 

Ca uptake into acini of rat pancreas cells? 

Na/K ratio in individual mycobacteria? 


24 


26 


Trace metals in ttssues and cells 

Fe in glandular cells of a mammalian decidua?! 

Al in skin samples from long-term hemodialysis patients >? 

F in dental materials?9 

Uranium uptake in algae?" 

Pb localization in algae? 

Cu in heart tissues specimen (Wilson's disease) 36 

Mg/Fe ratios in individual human erythrocytes? 

Cu distribution in vitreous body around a noret en body 38 (metallic Cu) inclusion 
Distribution of inorganic preservatives in wood 


Ktnette studtes by tsotope labelling 
Cat* uptake in astacus retina‘? 
1125 uptake in thyroid gland?’ 


Kinette studtes of organtcs with atomie labels 
Intracellular uptake of fluorinated organic compounds in heart muscle cells3 


Micro(probe) analysis of organte constituents 

Detection of phthalates in skin specimen of. hemodialized patients %4 
Characterization of organic microcrystals in lichen specimens 
Identification of amino citric acid in biological peptides 


Matertal tnvestitgations related to btomedicine 

Characterization of mineral and asbestos fibers*? 

Chemical histograms of coalmine dust particles** 

MS characterization of minute purified samples of natural origin*® 
Distribution of cyclic antibiotics in a polymeric matrix 


LAMMA Analysts tn Parttculate Matertals 


The potential benefits offered by LAMMA in microprobe analysis of particulate materials 
were recognized soon after the introduction of this technique. A first review on this top- 
ic appeared in 1980." A recent survey devoted to this field of application is contained 
in Ref. 1. Further contributions dealing with specific aspects related to LAMMA analysis 
of particles or aerosols will be found in Refs. 13, 14, 43, 44. 
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It appears generally accepted now that the most favorable aspect of LAMMA as applied to 
chemically nonhomogeneous particulate materials is the speed by which individual particles 
can be analyzed such that data from a statistically meaningful number of particles can be 
collected in a reasonable period of time, so that the characterization of mixed particle 
samples in the form of "chemical histograms" becomes possible for the first time. It is 
obvious that, for instance, long-distance source tracing of industrial pollutants or the 
detection of "hot particles" occuring at low abundance is possible only by a technique that 
allows one to analyze at least several hundred or, preferably, thousands of particles from 


a mixed sample. 


The LAMMA enabled us to study coalmine dust particles that had been characterized for 
their acute cytotoxicity and chronic histotoxicity by means of classical techniques com- 
monly used for the assessment of lung toxicity of airborne dust samples. The experimental 


protocol employed is given in Table 5. 


TABLE 5.--LAMMA analysis of coalmine dust particles. 


QUESTION: Can statistical evaluation of element analysis (''chemical histogram") give firm 


indicators of toxicity? 


PROTOCOL 

Samp ling 

Number of samples: 
Collection: 
Particle size 


Mineralogical analysts 
Determination of the mean content 
of the following minerals: 


LAMMA analysts 
Particles analyzed in each sample 
Evaluation of mass spectra: 


Toxtetty 
Acute cytotoxicity 


Chronic histotoxicity 


11 
BAT 1 dust sampler 
1-3 um 


Quartz 
Tllite 
Kaolinite 


500 

Positive ions 

Element abundances 

Correlated abundances (cluster) 
Chemical histogram 


Inhibition of O5 consumption in cultures of 
rabbit lung macorphages (4, 12, and 20 hr after 
incubation) 

Fibroblastic area in lymph e-node tissue (QTAPM) 


The study, the statistical evaluation of which is still under way, gave a rather clear- 
cut indication that, by "cluster analysis" of element combinations such as found in the 
various particle populations by LAMMA, indicators can be deduced which correlate rather 
strongly with both acute and chronic toxicity (see also Figs. 10 and 11 and Tables 6 and 
7). A preliminary report on this study is given in. 


Laser Desorption Mass Speetrometry of Organte Compounds 


With suitably prepared samples two modes of operation can at least in principle be dis- 
tinguished. At low laser irradiances ions begin to appear with no visible alteration or 
damage to the sample. In this mode many successive spectra can be recorded with great re- 


producibility from the same sample site. 
show striking similarities to =pee 


ment induced desorption (FFID), 


These so-called laser desorption (LD) spectra 


tra obtained by field desorption (FD) ,+” fission frag- 
and, to a lesser extent, secondary ion mass spectrometry 


(SIMS) ,*° the most important other methods that have been successfully applied in the mass 
spectrometry of nonvolatile, thermally labile bioorganic compounds. The characteristics 


of these spectra are as follows. 
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e Substantial yield of parent molecule ions. 

e Almost exclusively eyen-electron ions (no radicals). In the positive spectrum the 
cationized species (M+ Na) and (M + K)* more often than not dominate the protonated 
(N + 1)* ones, although no cationized fragment ions have so far been identified. In the 
spectrum of negative ions the deprotonated (M - 1)” ion often appears as the base peak. 
Anionized ions are rare. 

e The spectra show specific and reproducible fragmentation patterns that depend on 
the molecular structure in a complex way that is not yet fully understood. Negative spec- 
tra are often simpler; that is, they show fewer lines than the positive ones. 

e The more polar the molecules are, the easier it is to obtain desorption spectra. 
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histogram of 11 samples of coalmine dust 

particles analyzed by LAMMA according to 

protocol of Table 5. Although there is 

no correlation with abundance of cluster I + Fe elements (See Tables 6 and 7 for specific- 
ation) as Shown in upper panel, a fairly good correlation exists when same cluster elements 
occur 1n combination with Si (middle panel); and an even better correlation with abundance 


of element combination consisting of cluster I elements to 1 
; l ether with F i 
with Si absent. (After Ref. 44.) : Sepne deine Une Pee 


Similar spectra have also been obtained by several groups that have used CW and pulsed 
CO.-lasers at 10.6 um wavelength (Posthumus et al.;°° Kistemaker et al.;°! Stoll and 
R6llgen°*) or free run and Q-switched Nd-lasers at 1.06 um wavelength (Heresch et al.°3) 
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TABLE 6.--Example of element cluster analysis in a sample of coalmine dust particles analy- 
zed by LAMMA according to the protocol of Table 5. Highest histo- and cytotoxicity out of 
11 samples investigated, despite a rather high incidence of Si-containing element combina~ 
tions. Note the high abundance of Ca-related clusters. (After Ref. 14.) 
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all with laser-irradiated sample areas 0.1-1 mm in diameter. Apparently all the laser and 
noniaser desorption methods induce transition of molecules from the solid state into the 
gas phase that at least locally have a strong nonequilibrium aspect and thus lead to the 
formation of large molecules or ions that would not be stable thermally at temperatures at 
which their vapor pressure is large enough for them to be generated in significant amounts 
by thermal evaporation in equilibrium. The details of these processes as well as the com- 
mon and/or different features for the various methods are not yet understood except for 
FFID (Krueger>*) and will certainly be subject to intensive investigation in the future. 

It is, of course, tempting to think of LAMMA as an "organic microprobe" for relevant 
organic constituents in complex biomedical samples. Although this ultimate goal appears 
rather far away with the present state of the art, it may, nevertheless, be considered a 
realistic possibility at least in special cases (Fig. 12). 
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FIG. 12.--LAMMA acting as "organic microprobe.'' Detection of valinomycin (mol. weight = 


1113) dissolved in polymeric resin (PVC-THF matrix). Spectra are remarkably independent 
of laser power. 


Apart from the "futuristic" aspect of an organic microprobe the application of LAMMA 
in organic mass spectrometry has turned out to be an interesting application field of its 
own. This is also reflected in some of the other contributions presented at this 
conference. 

The basic problem in the mass spectrometry of all but a few bioorganic molecules is 
the fact that they are essentially nonvolatile and/or thermally labile, whereas most of 
the conventional techniques such as electron impact (EI) mass spectrometry require ioni- 
zation in the gas phase. 

The value of several analytical techniques routinely used in biochemistry such as 
HPLC, HV electrophoresis, etc. could be substantially improved if they could be coupled 
with a mass spectrometer suited to the analysis small amounts of nonvolatile or thermally 
labile organic compounds. Though high spatial resolution is not a primary requirement in 
these applications and may be relaxed to some extent, the extremely small amount of ma- 
terial required for analysis is a distinct advantage that LAMMA can offer for such 
applications. 

The investigation of such important groups of substances as amino acids and small pep- 
tides, nucleic acids and their building blocks, glycosides, various hormones and enzymes, 
and a selection of pharmacological agents have shown that the analytical result depends 
very strongly on the sample preparation employed. Sample preparation will not only 
strongly affect the irradiance threshold at which ions begin to appear and the ion yield 
above threshold, it also has a decisive influence on the fragmentation pattern of the mo- 
lecular ions. Two techniques have so far proved successful. Both start from highly di- 
luted (< 107% mo1/17+) solutions of the substances, for example in ethanol or water. 
Small droplets (< 1 u1) of such solutions, put onto a coated EM grid and transferred into 
the vacuum chamber for a very fast evaporation of the solvent yield rather homogeneous 
layers with little or no substructure visible in the microscope. The other, more 
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substance-consuming method is to use a standard vibrating orifice aerosol generator to 

form small particles of controllable size in the submicron range and impact them onto a 
coated EM-grid. For good and reproducible results it seems mandatory to avoid crystal for- 
mation of the substances if the crystal size is comparable to or larger than the focal spot 
of the laser. 


Conelustons and Outlook 


In the short time since its introduction the technique of laser microprobe mass analy- 
sis has acquired the reputation as a serious alternative to other microprobe techniques. 
In some application areas (particle analysis, organic MS) it has become a uniquely power- 
ful instrument for certain analytical purposes. 

Technologically the instrument can certainly still be improved and some of these im- 
provements can be expected in the near future. At the moment, the transient recorder for 
the fast A/D conversion of the spectra appears to be the most limiting component of the 
system. An increased time resolution of 5 ns, or possibly 2 or even 1 ns per channel, 
would not only improve the mass resolution in the range of relative molecular masses above 
about MU = 200, it should also lead to substantial improvements and simplifications of the 
ion optics and the mass spectrometer. Even more progress would result from an extension 
of the dynamic range of the recorder from the present 6 bits to at least 10-bits (1024 
points). Many applications that could in principle be performed with LAMMA severely suf- 
fer from the rather limited dynamic range available now. There is good reason to believe 
that the rapid progress in electronic instrumentation during the last decade will continue 
and eventually provide a recorder better suited for this task. A cryo stage or at least 
cold stage may be desirable for a number of applications in biomedicine. First steps to- 
wards its realization have already been taken. 

The number and variety of applications that have already been attempted with the LAMMA 
technique is surprising considering the short time since realization and availability of 
the instrument. It can be expected that, with information on the performance of the meth- 
od becoming more widespread and with more instruments being used by more groups with dif- 
ferent backgrounds and interests, many anticipated and unexpected applications will be re- 
ported in the years to come. For the developers of a new technique it is one of the most 
exciting and rewarding experiences to see how the field of application widens, both quan- 
titatively and qualitatively. Rather than speculating about such major lines of future 
applications they leave it up to the needs and ingenuity of potential applicants to pro- 
vide new surprises. 
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LASER MICRO MASS ANALYSIS OF BULK SURFACES 
Franz Hillenkamp, Peter Feigl, and Bruno Schueler 


Applications of the laser micro mass analyzer in the version that has been commercially 
available as the LAMMA 500® instrument for some time and that has been used by a number of 
groups for a variety of different analytical tasks are essentially limited to thin speci- 
mens of less than a few micrometers in thickness. The main attractive features of this in- 
strument (spatial resolution below 1 um, detection sensitivity down to the sub-ppm range, 
detection of ions of both polarities of molecular as well as atomic constituents, isotope 
discrimination, and the recording of complete mass spectra for each single analysis) have 
generated strong interest in the extension of the method to the analysis of bulk specimens 
and of conductive (particularly metallic) samples. The adaptation of the instrument intro- 
duces several new basic aspects of the radiation-specimen interaction and requires major 
changes in the instrumental approach, because sample observation, laser irradiation, and 
ion extraction all take place from the same side of the specimen. 

It had been demonstrated in a feasibility study! that such analyses are in principle 
possible with only slightly lower performance data as compared to the analysis of thin spec- 
imens. In addition, the study revealed that sample observation and proper focusing of the 
laser beam onto the sample surface as well as the geometry of the ion extraction lens, are 
very critical. A completely new sample chamber and ion source therefore had to be designed 
and built. In this paper we describe the concept and performance of the new arrangement and 
present a few first analytical results. 


Prinetples of Laser-induced Mass Spectrometry 


Common to all techniques of laser mass spectrometry is the generation of ions of atomic 
or molecular constituents of the sample directly out of the solid phase. In general this 
process requires the transfer of a sizable amount of energy per unit volume of analyzed ma- 
terial from the laser beam to the solid specimen. The absorbed energy may result in a 
strong perturbation of the solid structure and possibly transition to a liquid or semiliquid 
phase, leading to the desorption of surface adsorbents or even selective evaporation of more 
volatile components (desorption mode). In the more common mode of operation, particularly 
for microprobe analysis, a limited volume in at least the center of the irradiated spot is 
evaporated and leaves an at least microscopically damaged specimen surface. 

Energy transfer to metallic specimens takes place via intraband transitions of the con- 
duction electrons. Absorption is very high, particularly for wavelengths in the UV. The 
same process is most probably responsible for the major fraction of the transferred energy 
even in nonabsorbing dielectrics. Population of the conduction band sufficient to initiate 
this process is believed to occur during the first part of the irradiation pulse, most prob- 
ably through multiphoton processes.* Consequently metals show a rather low (106-107 W-cm-2) 
and wavelength-independent damage and ion-generation threshold, whereas dielectrics exhibit 
much higher thresholds, rising from about 108 W-cm72 at 265 nm to about 10/9 W-cm-2 at 532 
nm in incident, reflection-corrected irradiance. The role of natural absorption at the wave- 
length of the laser radiation, originating either from electronic excitation (e.g., of mo- 
lecular constituents or of shallow electron traps in organic polymers) is still rather un- 
clear. Though threshold irradiances for visible damage or ion generation do not show a 
systematic relationship to the wavelength-dependent absorption coefficient, such absorption 
may well help during the initial phase of the conduction band population. Recent experi- 
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ments%*+ seem to indicate that desorption of molecules is facilitated for molecules of a 
given species in the excited state. 

Another, still open question is that of the ionization process. For molecular ions 
ionization most probably takes place in the solid phase during its decomposition and tran- 
sition into the gas phase, rather than through gas phase reactions. However, one cannot 
exclude the possibility that in certain cases (depending on the material, laser irradiance, 
and irradiation geometry) an LTE plasma is formed whose properties would then govern the 
distribution of observed ions. In that case substantial additional energy could be trans- 
ferred from the laser beam to this plasma. For the microanalysis of thin specimens with 
the LAMMA 500@ instrument at least, the types and intensity distributions of observed ions 
do not indicate a strong influence of gas phase or plasma reactions. 

In view of these general considerations of laser-induced ion formation, the transition 
from the analysis of thin specimens in the transmission mode with focusing objective and 
ion lens on opposite sides of the specimen to the investigation of bulk surfaces with both 
optics on the same side of the sample introduces several new aspects. 

For thin specimen the beam-solid interaction in the evaporation mode is limited by the 
amount of material in the total volume and may end some time before the end of the laser 
pulse, followed by a very rapid expansion of the evaporated material. For bulk specimens, 
interaction is governed instead by the total energy available and transferred to the sample. 
Geometrical limitations in the possible arrangements of the optics moreover increase the 
minimum spot size and so increase the total amount of evaporated material by at least a 
factor of ten under otherwise comparable conditions. All this material furthermore expands 
toward the incoming laser beam. Higher densities of charged particies must therefore be 
expected to exist for longer times, which thus increases the likelihood of laser plasma 
heating of the evaporated material and therefore an undesirably high ion initial energy 
spread, the chance for unwanted, multiply charged ions, and possibly high degree of frag- 
mentation of molecular ions. It has been demonstrated by Devyatykh et al.° That the ab- 
sorption of laser radiation by the expanding plasma depends not only on material and laser 
irradiance on the target, but also strongly on the size of the irradiated spot. This ef- 
fect also shields the sample surface from later parts of the laser pulse, thereby influenc- 
ing the amount of sampled material. Space- charge effects may in addition cause difficul- 
ties for the extraction of ions and their acceleration to a common high energy into the 
time of flight mass spectrometer. Because of the expected higher ion yield, all these 
problems should be more severe for metallic samples, which are of considerable interest for 
bulk analysis--in contrast to thin specimens, which are almost exclusively dielectrics. 


Instrument Design 


The intended use of the in- Focusing 
strument for microprobe analysis objective 
requires both a high spatial 
resolution for specimen sampling 
and high detection efficiency 
for a large variety of atomic 
and if possible also molecular 
sample constituents. Spatial 
resolution for sampling is a 
function of the numerical aper- 
ture of the focusing objective; 
i.e€., maximum resolution re- 
quires a large cone angle 0 of 
the focused laser beam (Fig. 

1). Though such focusing could 
in principle be achieved with 
large-diameter optics at con- 
siderable distances from the target surface, optics designed and corrected for near dif- 
fraction limited spots usually have short focal lengths and free working distances between 
front face and specimen surface of the order of a few millimeters at the most. Similar 
considerations hold for ion optics of high collection efficiency, i.e., acceptance angle. 
In addition, the distance over which ions are accelerated into the ion lens should be also 


lon Lens 


FIG. 1.--Schematic arrangement of laser focusing objec- 
tive and ion lens. 
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kept to a maximum of only a few millimeters in order to limit the transit-time spread for 
ions of different initial energy--the limiting factor for mass resolution of the spectro- 
meter. These two requirement impose rather severe geometrical restrictions on the design 
of the ion source. 

At least at irradiances below 10!9 W.cm-*, and as long a laser-plasma interaction (and 
therefore selective optical shielding of the target surface) remains limited, the angular 
emission characteristics are determined by the surface structure and orientation, rather 
than the direction of incidence of the laser beam. Measurements of the angular distribu- 
tion have been published for a variety of experimental conditions. It can be deduced from 
these results that within the range of parameters applicable to microanalysis, the distri- 
bution is symmetrical about the surface normal, somewhat peaked in the forward direction, 
or even close to isotropic. Alignment of the syectrometer axis normal to the target sur- 
face was therefore chosen for maximum ion collection efficiency and minimum transit-time 
spread. The entrance aperture of the ion lens has a diameter of 4.5 mm at a distance of 
9 mm from the target surface. 

The focusing objective for the laser beam is mounted in a vertical plane above the ion 
lens with its axis at an angle a to the surface normal (Fig. 1). Two alternatives have 
been tried with comparable results. A specially designed, slender objective of 13x magni- 
fication and numerical aperture of 0.2, corrected for a wavelength of 265 nm, can be mount- 
ed at an angle of a = 30°. A commercially available Ultrafluar objective of magnification 
10 and numerical aperture 0.2 must be mounted at an angle a = 45° because of its more bulky 
construction. This objective is corrected throughout the full wavelength range from 220 
to 700 nm. The distances between the front surfaces of the two objectives and the focus 
on the target surface are 15 and 7.4 mm, respectively. 

In the course of the preliminary experiments it had turned out that focusing of the 
laser beam exactly onto the target surface is very critical with respect to reproducibility 
of the recorded spectra. This effect is thought to be mainly caused by lateral shifts of 
the focus on the target relative to the spectrometer axis as a result of improper focusing. 
Observation of the specimen under an angle of 30° or 45° to the surface normal, with the 
result of only a small stripe of the field of view in focus and with the limited resolution 
of the focusing objective, turned out to be inadequate for the required focusing accuracy. 
An additional observation objective of magnification 50 and 0.6 numerical aperture, oriented 
with its axis normal to the target surface, has therefore been added. It is located side- 
ways of the ion lens-laser objective unit. All these components are mounted on a stage 
that can be shifted pneumatically such that in one of the two end positions a given loca- 
tion on the target surface is centered in the field of view of the observation objective 
and centered on the spectrometer axis in the other. The positioning accuracy in the two 
end positions is better than 3 um laterally, the spatial resolution of the analysis, and 
better than 0.5 um in the depth of the field. 

For an actual analysis the observation objective is first shifted into place. The 
sample surface is properly focused with the aid of the xyz-movable specimen holder and an 
analytical site of interest is chosen and centered with respect to the eye piece crosshair. 
Overall magnification of 500 and corresponding resolution, together with the choice of in- 
cident dark or light field illumination, greatly facilitate proper location of the speci- 
men. The translation stage is then shifted for analysis. With the help of suitable beam 
splitters and intermediate microscope optics, the optical paths of the observation and fo- 
cusing objectives are both fed into a common binocular eye piece. This way the sample can 
be observed with limited resolution during the analysis as well and emission or fluores- 
cent light be picked up as further analytical information. A dichromatic beam-splitting 
mirror is used to feed the laser beam colinearly into the optical path of the focusing ob- 
jective. Intermediate laser focusing optics, field-stop, and a set of attenuating filters 
in the laser beam path are similar to those of the LAMMA 500® instrument.® Specimens sev- 
eral centimeters in extent in all three dimensions can be accommodated. 

Also as in the LAMMA 500® instrument, ions of both polarities can be detected. Accel- 
eration potential at the first element of the ion lens is typically + 3 kV. Flight-time 
dispersion due to initial energy spread in the field-free drift region of the time-of-flight 
mass spectrometer (TOF) can be compensated for by an ion reflector at suitable potential. 
Ion detection by a 17-stage SEV and signal storage and processing is standard, as described 
for example by Vogt et al .® 
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FIG, 2.--Integrated circuit photo- 
graphed through observation obser- 
vation objective. Spots in center 
of left circular structure and on 
vertical and horizontal bars are 
laser impacts (arrows). Width of 
bars approximately 15 um. 


FIG. 3.--Integrated circuit photo- 
graphed through laser focusing ob- 
jective. 


FIG, 4.--Scanning electron micro- 
graph of laser impact on metal 
(brass) surface. Crater diameter 
about 4 um. (Scale at bottom, 0.5 


um. ) 


Results 


Figure 2 shows a photograph of a semiconductor wafer taken through the high-resolution 
observation objective. Small structural details are clearly visible. A site of analysis 
can be seen in the center of the left round structure. It was taken at an irradiance of 
about twice the ion detection threshold and has a diameter of 2 um, somewhat below the theo- 
retical resolution limit of 3 um. Two sites on the dark bar structures, taken somewhat 
above threshold, are 8 and 12 um in diameter. Figure 3 shows the same wafer, photographed 
through the laser focusing objective. The loss in resolution and focused field of view is 
obvious. A spatial resolution of 3 um is routinely achieved without special precautions. 

In favorable cases and with careful adjustment of the incident energy, spectra can be re- 
corded from craters as small as 1 um. Generally high resolution is obtained more easily 
with dielectric samples as compared to metals, for which crater size increases more rapidly 
with increasing incident laser energy. Also, elevated crater rims of displaced or splashed, 
resolidified molten material are more evident for metals, as documented in Fig. 4. Crater 
depths also depend on the material sampled and on the laser irradiance in the focus. Metals 
show deeper craters than dielectrics, but further systematic investigations are necessary 
before general figures can be given. 
Figure 5 shows two spectra of 
Na K positive ions recorded from the in- 
tegrated circuit of Fig. 2. Spec- 
(a) At trum 5(a) corresponds to the analy- 
sis site in the center of the round, 
= light-appearing structure; 5(b) was 
taken from the dark-appearing bar. 
Signals of aluminum, silicon clus- 
ter ions, and Na and K, most prob- 
ably contaminates, are easily iden- 
tified. No attempt was made in 
this preliminary test to assign the 
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(b) other signals in the spectra. No 
< ion reflector was used in all the 
z test shots reported here. The peak 
widths are therefore a direct indi- 
M/Z cation of the surprisingly small 
FIG. 5.--Positive ion spectra of two sites of inte- initial energy spread of less than 
grated circuit. Top spectrum corresponds to impact 100 eV of the generated ions. For 
in center of left round structure of Fig. 2. Bottom routine analysis, mass resolution 
spectrum was recorded from bar structure. can still be improved considerably 
through the addition of an ion re- 
Ag [M+Ag] flector. The same holds for the 


somewhat poor signal-to-noise ratio. 

As an application of the instru- 
ment to the mass spectrometry of 
bioorganic compounds, Fig. 6 shows 
a positive ion-spectrum of the nuc- 
leoside thymidindihydrate. These 
types of application are very prom- 
ising, because very homogeneous sam- 
MpIZ ples can be prepared by electro- 
spraying a dilute solution of the 
substance onto a metal substrate. 
Reproducibility of spectra appears 
to be much better than with other preparations so far tried with the LAMMA 500® instrument. 
Very interesting is the high ion yield of the parent molecule and of typical H,0+elimination 
and fragment molecules (base), all cathionized by substrate metal atoms. Such spectra, 
which show similarities to spectra obtained by secondary ion mass spectrometry, have been 
obtained for a variety of different molecules.’ 

Within the very limited experience so far gained with the new instrument, a few general 
trends can be pointed out. For dielectric specimen detection, sensitivity looks very prom- 
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FIG. 6.--Positive ion spectrum of thymidinedihydrate 
(M, parent molecule; B, nucleobase). 
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ising; values down to the ppm range of concentration for sampled areas of 1-3 um in diame- 
ter seem feasible. Reproducibility of spectra is very good, generally better than that ob- 
tainable for the analysis of thin specimens. For bulk dielectrics, charging of the sample 
after a number of successive shots may cause some problems. They can be eliminated for ex- 
ample by a wire mesh placed onto the specimen surface or by a thin coating. Spectra of me- 
tallic samples obtained with a preliminary set up have been published previously.! With the 
new instrument, control of the laser irradiance is somewhat less critical because of better 
focusing, but a strong dependence of the spectra on the incident energy remains. Irradiance 
on the surface must be kept within about a factor of 2 of the threshold irradiance for ion 
detection. Beyond this limit mass peaks increase in width and show a complex structure, 
with a corresponding loss in mass resolution, most probably because of the more pronounced 
increase of evaporated sample volume with increasing pulse energy and the higher charge 
density in the cloud, possibly combined with an increasingly strong laser-plasma interac- 
tion. Because of this behavior, detection sensitivity for trace-metal constituents in a 
metal matrix (e.g., for components of alloys) has so far been limited to about 0.1%. The 
observed phenomena need further investigation, which might also give hints for an optimiza- 
tion of the parameters for metal analysis. 


Coneluston 


It has been demonstrated that laser micro mass analysis of bulk surfaces is feasible 
with a spatial resolution of 3 um or better and a sensitivity in the ppm range at least for 
dielectric specimens. Further investigations are necessary to assess the detection limit 
for metallic samples. Some additional instrumental improvements are also desirable. In 
general, the method promises to become a very valuable tool in various fields of material 
and microanalysis. 
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THE PERFORMANCE OF A LASER-INDUCED ION MASS ANALYZER SYSTEM FOR BULK SAMPLES 
Trevor Dingle, Barrie W. Griffiths, J. Chris Ruckman, and Charles A. Evans Jr. 


A Laser-Induced Ionization Mass Analyzer (LIMA) has been developed that employs a ND-YAG 
laser and a second-order energy focusing time-of-flight mass spectrometer. The unique 
features of this instrument are the use of ultra-high vacuum in the sample chamber and the 
capability to perform analyses in either transmission or reflection. The ability to pro- 
duce ions from the surfaces of bulk materials allows the analysis of materials previously 
inaccessible to laser microprobe analysis. These include inclusions in metals, surface 
particulates, and surface organic contaminants, This paper will describe this instrumen- 
tation and some applications unique to the reflection mode of analysis. 


Technique 


The basic technique used in LIMA is that a short pulse (10ns) of laser radiation 
(0.53 um) is focused to a micron-sized spot on the sample. This spot evaporated and ion- 
izes a small volume of the sample. Thus a cloud of ions representative of the sample ir- 
radiated is produced at a single instant in time. These ions are mass analyzed by a "time- 
of-flight"' technique, so that a complete mass spectrum is produced from a single laser 
pulse. By the system we have developed, heavy ions such as lead are detected roughly 80 
us after the laser pulse. Hence LIMA produces analytical data fast; a typical complete 
mass spectrum can be obtained within 100 us. 

The interaction of pulsed laser energy with a solid target and the subsequent evapor- 
ation and ionization of the sampled target volume is complex and no complete theory exists 
to date. The laser power density, wavelength, and pulse duration all influence the ef- 
ficiency of ion production, as well as other factors, such as the electrical and struc- 
tural properties of the sample and its geometry. However, we have observed several inter- 
esting effects. 

For example, it is apparent from the observation of mass spectra that, as higher pow- 
er densities are used, thresholds for the ionization of different materials appear to be 
crossed. At powers sufficient to produce reliable spectra of most of the metallic con- 
stituents of stainless steel, we do not observe elements such as carbon, oxygen, or nitro- 
gen with higher ionization potentials, As the power level is increased, we start to ob- 
serve these trace constituents, but with variable apparent sensitivity. If the power is 
increased further, these elements begin to appear reliably and reproducibly. However, as 
the power density is increased toward 1019 and 10!! W/cm?, the proportion of multiply 
charged ions increases, and the initial average energy of ions produced, which can vary 
from 100 eV to several keV, tends to increase. Another interesting effect we have noticed 
as the power density is increased is that in some materials (notably pure silicon) long 
chain molecules from Si* up to Sig* appear. A final surprising observation is that linear 
organic molecules of high mass number are not disintegrated by the laser beam and, provid- 
ing the power density is optimized, it is possible to produce spectra from organic mole- 
cules with negligible numbers of doubly charged molecule ions and fragments of molecules. 


Instrumental 


Figure 1 shows an outline drawing of the instrument. The vacuum system is of conven- 
tional UHV construction; however, bakeout is limited to 150°C because of Viton sealed op- 
tical windows and loading hatch. Pumping is by turbomolecular and ion pumps. A base 


Authors Dingle and Griffiths are at Cambridge Mass Spectrometry Ltd., Cambridge, Eng- 
land; author Ruckman is at the Atomic Weapons Research Establishment, Aldermaston, England; 
author Charles A. Evans is at Charles Evans § Associates, San Mateo, CA 94402. 
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pressure in the region of 5 x 10719 Torr is readily achieved. The main chamber and the 
loading chamber are linked by a gate valve and have independent pumping systems. The cham- 
ber has been designed so that other analytical techniques complementary to laser induced 
ion mass analysis can be easily added. Thus, for example, an Auger analyzer and electron 
gun could be mounted on the system. 


Sample transport control 


ee 
ee 
pampleoading por ; | Fracture stage port 
a Preparation chamber 
aa 
aaa 
ae 


Gate valve 


Analyzer 


Binoculars 


Analysis chamber 


Fal E Specimen manipulator FIG. 1.--LIMA schematic. 

A carousel sample carrier for bulk samples or a transmission specimen holder are car- 
ried on a precision high-stability UHV manipulator that provides x, y, z motion and rota- 
tion. Transfer of samples between the loading chamber and the manipulator is effected by 
means of a standard magnetically driven UHV transfer mechanism. A sample can be loaded 
from atmosphere and brought to the analysis position in 5 min. 

The ion extraction optics and the objective lens of the laser assembly for the bulk- 
analysis mode are of a novel design (patent pending) that provides for the laser focusing 
(and sample viewing) and ion collection to be both normal to the sample surface. This ap- 
proach insures maximum ion collection efficiency and optimum laser spatial focusing. The 
laser used (a Nd-YAG) provides 80 mJ of energy at 0.53 um in a pulse of approximately 10 
ns duration in the frequency-doubled mode. The mass analyzer is a "folded-time-of-flight" 
analyzer. As mentioned before, the energy spread of ions produced from bulk samples is ap- 
preciable. Thus it was necessary to provide energy filtering or focusing in a time-of- 
flight analysis to yield a useful mass resolution. The flight time for the different re- 
gions of this spectrometer can be expanded as a Taylor series in terms of the primary en- 
ergy Vo and the energy uncertainty AV. By careful selection of dimensions and fields it 
is possible to cancel all first and second order terms in AV, and indeed cancel third- 
order terms over a small range of values. In addition, a choice of reflecting potential 
only slightly above Vg defines an upper band to the energy window the spectrometer will 
accept. If our best estimates of mechanical imperfections and a 40% energy spread are sub~ 
stituted into the equations, we predict a mass resolution for 50% valley of better than 500. 

Signal detection is by means of a conventional 'Venetian blind" electron multiplier. 
The main means of recording data is by a transient recorder. The limited dynamic range of 
this recorder has been increased to around 70 dB by logarithmic signal compression tech- 
niques. The stored signal is examined using an oscilloscope or, if hard copy is required, 
the output is directly to a chart recorder. In addition, a small desktop computer is used 
to store data and provide manipulation facilities. 
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T=0 us 


Results 


The overall performance capabilities of the instrument can be described under the group- 
ings mass resolution, sensitivity, and spatial resolution. 


Mass Resolution. If the resolving power is defined as the maximum mass number at which 
the spectrometer can separate two consecutive mass number signals of similar amplitude to 
half of their height, the best results we have obtained so far are in excess of 500 (Fig. 
2). The resolving power is limited by uncertainty in a particular ion mass flight time, 
which is caused primarily by energy spread, scattering, and space charge. 


+ 
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Sensitivity. The sensitivity attainable for most elements in homogeneous bulk samples 
seems to be better than 10 ppm (Fig. 3). In addition, preliminary results on relative 
elemental sensitivities have yielded the figures given in Table 1. These data are ex- 
tremely promising, covering a range of one decade only. 

Spattal Resolutton. The craters produced by the laser have only been examined opti- 
cally but it would appear that craters 1-3 pm in diameter can be produced. 


TABLE 1.--Relative elemental sensitivities. 


Iron (reference) Fe 1 

Chromium Cr 2.4 
Copper Cu Ae 
Zinc zn 2.1 
Nickel Ni 0.6 
Manganese Mn 7.9 
Titanium Ti L.2 
Silicon Si pee 
Lead Pb 1,2 


LIMA has been used for a variety of applications. The study of inclusions in bulk 
metals (Fig. 4) is a typical problem that is suited to this technique. The ability to 
profile thick surface coatings and oxides rapidly has proved to be particularly useful and 
we have been able, for example, to detect the concentration with depth to a resolution 
about 1 um of hydrogen to less than 10 ppm in 20um-thick oxide layers on uranium within 
minutes. The capability to detect surface organics on semiconductor wafers has also 
proved an asset of the technique. Finally, the study of surface particulares appears from 
preliminary results to be a particularly promising area, especially if future use is made 
of the capability of combination with other analytical techniques, such as scanning Auger 
analysis. 


Conelustons 


We have built and developed a laser microprobe system of great promise as an analyti- 
cal tool for bulk sample work. The instrument shows a mass resolution of better than 500 
at sensitivity limits in the ppm range. 
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SCANNING LASER MASS SPECTROMETRY 


R. J. Conzemius 


Lasers combined with mass spectrometry may in the near future give us the capability for 
direct quantitative analysis of solids for all elements with no matrix effects, no disso- 
lution required, and no standards necessary, and with a dynamic range from 100% to LO? 3 
constituents. Our work indicates this statement is true and also indicates that micro- 
processor control of the instrumentation is relatively straightforward. What is the 
basis for these optimistic claims? Power density (W cm *) of the irradiating laser beam 
in an extremely important parameter. The ion fraction produced per total particles 
emitted is a general function of laser power density. At lower power densities 

(10°-10°) the ion fraction is very low--generally defined by the Saha-Langmuir equations 
for ordinary thermal vaporization. The range of ion fraction is thus very large due to 
elemental specificity caused by differences in volatitlity and ionization potential. As 
the power density approaches 10° W cm? the ion fraction rises to near unity and the 
range also narrows dramatically, owing to the transformation from ordinary thermal eva- 
poration to the formation of highly ionized micro plasma just above the specimen. 

Our development of the scanning laser mass spectrometer (SLMS) began in 1976 when we 
purchased a commercial laser and adapted it to a homemade (Mattauch-Herzog) mass spectro- 
meter for the purpose of characterizing solids. The laser is a Nd-doped YAG which is 
continuously pumped with a water-cooled Kr lamp. It is equipped with an A-0-Q switch 
which allows a usable pulse repetition rate of 0 to 5000 pps and a pulse width of 
approximately 150 ns and an instantaneous wattage of 5000 W. The spatial filter 1s set 
to use the TEMoo9 mode. Specimen illumination and specimen viewing are co-axial with the 
laser beam. X and Y mirrors are controlled electrically to give a 2 x 2mm square raster 
of the focused laser beam on the specimen surface. The objective lens focuses the beam 
down to a spot diameter of 12 um with a 3in. working distance and provides a power 
density of the order of 10° Wem * 

With only a modest manpower commitment to this project it has accomplished a great 
deal. We have examined relative elemental sensitivities with NBS standards and found the 
values to be close to unity. Thus, the direct laser excitation provides uniform elemen- 
tal sensitivity. We have found the system to be highly useful for measuring concentra- 
tion profiles used in studies of chemical diffusion, electrotransport, and thermotrans- 
port.“ The system has been shown to possess a spatial resolution of 25 um. We have 
studied instrument calibration where a series of four standards of Mo in Th gave a 45° 
straight line passing through zero, which indicates that no concentration effects were 
present. The ion source has been applied to analysis of films. For example, a sapphire 
disk containing a 10um film of Si was analyzed. Both the film and the sapphire could be 
characterized. The control of the entire system and data acquisition has been accom- 
plished with a small computer. 

The combination of the laser ion source with a mass spectrometer provides a powerful 
analytical technique. * Of course there are areas that need further study. What is the 
dependence of laser beam reflectance on specimen parameters at these power densities? 
What is the threshold energy for production of the plasma? What is the mechanism of 
transition to a dense plasma and its subsequent power absorption? What is the role of 
thermal equilibrium and the dependence of the resulting spectra on recombination during 
plasma expansion? What are the dependencies of spectra on laser beam parameters? In 
recent experiments ion production, multiple ion charge intensities, and ion energy 


Author Conzemius is at Ames Laboratory, Iowa State University, Ames, [A 50011]. This 
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Contract W-7405-Eng-82. This research was supported by the Director for Energy Research, 
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spreads are studied as a function of matrix and of the laser beam power and focal point. 
These data provide clues to answers for at least some of the questions pertinent to 
laser mass spectrometry of solids. 
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STUDY OF ASBESTOS BY LASER MICROPROBE MASS ANALYSIS 


J. De Waele, P. Van Espen, E. Vansant, and F. Adams 


The risks to health, occupational and environmental, arising from the use of asbestos have 
been widely publicized.’ The mechanism by which the asbestos fibers exert their biolo- 
gical effects have been the subject of much speculation. The attention, in this respect, 
has been shifted from geometrical considerations to the possibility that at least part of 
the biological effects may be associated with some chemical surface characteristics. ? 

A rapidly increasing number of publications illustrate the usefulness of laser micro- 
probe mass spectrometry in single-particle analysis.°"° The primary utility of the me- 
thod in this application appears to lie in the areas of quick routine qualitative and 
semiquantitative analysis of individual particles of micrometer size for minor and in 
some conditions trace level inorganic constituents.° At the same time there is evidence 
that my use of the technique as a variable ionization source for mass spectromy, informa- 
tion can be gained regarding the presence of molecular inorganic and organic species 
present in the microscopical objects. 

In this paper we report preliminary results which show that laser microprobe mass 
analysis can to some extent be used to recognize quicly asbestos fibers in environmental 
samples and that it can possibly discriminate different asbestos minerals on the basis of 
a single-fiber analysis. Also, perhaps more important, we show that chemical impurities 
present at the fiber surface can be detected sensitively. 


Methods and Materials 


A detailed description of the commercially available laser microprobe mass analyser 
(LAMMA-500, Leybold-Heraeus, Cologne, FRG) is provided in the literature.’»°® A fre- 
quency quadrupled Q-switched Nd:YAG laser (265 nm, 15 ns pulse width) is focused onto 
the sample by means of an optical microscope with 32x objective. Samples of asbestos are 
held onto a Formvar film fixed to a standard copper electron microscope grid. Laser 
pulse energy on the sample can be varied with a set of transmission filters. It is 
adjusted either to provide complete vaporization of a micron-sized sample of the fiber, 
or else to the loweSt energy that provides a mass spectrum. Adsorbed impurities into the 
fiber surface can be detected in this laser desorption (L.D.) operation mode. ? 

UICC standard reference asbestos of South African crocidolite and amosite, Canadian 
and Rhodesian chrysotile, and Finnish anthophyllite were employed. Neither of these 
Standard samples can be considered homogeneous on the indiv*dual-fiber level; quantities 
of the order of 10 mg are necessary as a representative sample. The Canadian chrysotile 
standard is a mixture of material from eight | mines roughly in proportion of their annual 
production, pooled in one standard material.'’® There are reports in the iets that 
some of the UICC material is contaminated with adsorbed organic material. 

Other asbestos samples. were used as made available from various sources. Chemicals 
used were of analytical reagent grade. Organic im mpurities were adsorbed onto the 
asbestos surface by a gas phase adsorption process’~ or through equilibration of the 
fibers with a benzene or water solution. 
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FIG, 1.--Positive and negative LAMMA spectra of UICC asbestos standards: (a) South 
African amosite, (b) South African crocidolite, (c) Finnish anthophyllite, (d) Rho- 
desian chysotile, (e) Canadian chysotile. 
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Identification of Asbestos Fibers 


Figure 1 shows representative positive and negative LAMMA spectra of the UICC 
standards. They illustrate clearcut differences not’ only between the amphiboles and 
the serpentines, but also among various amphiboles and even between the Canadian and 
the Rhodesian chrysotiles. The reproducibility for subsequent measurements on portions 
of a single fiber and for fiber-to-fiber analysis is shown in Table 1. The precision 
is excellent compared with that obtained for LAMMA-analysis of other objects, e.g., 
fly-ash particles. This is largely the result of the ease with which focusing condi - 
tions can be reproduced from one laser shot to the next. The widely differing origin 
of the fibers in the Canadian chrysotile standard gives rise to large differences in 
the mass spectra. 


TABLE 1.--Relative standard deviations (%) of intensities normalized to magnesium on 
a single fiber (left) and various fibers (right). 


UICC asbestos 


| Canadian 


Element South African South African Finnish Rhodesian 
amosite crocidolite anthophyllite chrysotile | chrysotile B 
Na 150 
Al AQ 
Si 120 
K 200 
Ca 70 
Cr - 
Mn 70 
Fe 40 


The asbestos mass spectra are characterized by several elemental ion peaks but also 
by considerable molecular fragment ions in the positive and the negative spectra. For 
an example, crocidolite (Fig. 2) shows prominent fragment at m/e = 62(Nak+), m/e = 
72(FeO*), m/e = 95(MgKO$), m/e = 106 and 145 (several possibilities) in the positive 
mass spectrum. 

Taking into account that the UICC standards cover about 98% of the commercially used 
asbestos,’* one might conclude from these and other measurements’* that LAMMA is a 
suitable alternative to existing methods for microchemical characterization of asbestos 
fibers. The following comments can be made, however: . 


e A significant chemical instability of chrysotile fibers occurs in environmental 
samples, in acid solution and in living organisms. Magnesium is quickly leached out but 
leaching of iron and silicon has been also observed.?5 

e For industrial use asbestos is transferred into a number of products whose composi- 
tion may significantly differ from that of raw materials. 

e Different fibers from a given mineralogy can provide significantly different figer- 
print mass spectra, as seen in the two UICC chrysotile standards in Fig. 1. Another 
example is shown in Fig. 3. The elemental composition of tremolite originating from 
India and from the Philippines (e.g., Na, K, and Cr) differs systematically, and could 
serve as a basis for identification between material originating from both locations, on 
condition that the differences are systematical. 

e Inhomogeneously distributed trace impurities (cobalt, strontium, rare earths) have 
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been reported to occur in fibrous zeolites such as erionite.’° According to our results 
the concentration of titanium (a minor constituent) is also highly variable in this 
material (Fig. 4). 
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FIG. 2.--Positive LAMMA spectrum of UICC-crocidolite; unassigned peaks are molecular 
fragments. 
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FIG. 3.--Positive LAMMA spectra of tremolite from (a) India, (b) Philippines. 
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FIG. 4.--Positive spectra of fibrous erionite from Karain, Turkey; titanium-containing 
spectrum is exceptionally present. 


It is clear from all this that much more systematic research is needed to conclude 
whether LAMMA can be considered a safe and quick alternative to other methods (such as 
electron microscopy with selected area electron diffraction) for the microscopical 
characterization of fibrous particles in the environment. 


Surface Analysts of Croctdoltte 


The UICC crocidolite material was used as an example to determine whether impurities 
can be detected at the surface of microscopical asbestos fibers by laser desorption mass 
spectrometry. The laser irradiance was decreased considerably below the conditions used 
for obtaining the previous spectra. In the LD-mode a rather small number of ions are 
formed belonging to a limited number of ion species that are in most cases directly 
related to the molecular structure of the material analyzed, often with a high yield of 
the parent molecular ions (M)*, protonated (M+1)*, or cationized species (M+Na)+t or 
(M+K)*.? When laser desorption is applied to asbestos, the fibers remain intact and 
the characteristic mass spectrum of the material (see, for example, Fig. 2 for crocido- 
lite) vanishes to insignificant intensity. 

The following examples from our measurements illustrate some characteristic results 
obtained: 


1. Benzo[a]pyrene was adsorbed onto crocidolite from teh gas phase leading to a 
concentration of 580 ug/g as determined by gas chromatography. Figure 5 shows a positive 
LD-mass spectrum measured at different laser irradiances. In these and in other measure- 
ments in which the compound was adsorbed onto fly ash particles, a systematic increase 
of the molecular ion intensity with decreasing laser irradiance is noted. Also, adsorbed 
organic material is not measured on every analysis but the probability of detection 
increases sharply for the lowest practical laser irradiances. Under these conditions, 

a contribution in the mass spectrum from the crocidolite substrate is absent. As the 
laser intensity is increased, the crocidolite mass spectrum becomes gradually more in- 
tense, but does not tally with that obtained for untreated crocidolite fibers obtained 
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at a similar irradiance. Mgt and Fe* are virtually absent from the spectra (Fig. 6). 
When subsequent laser shorts are directed at the same location, the organic material 
gradually disappears (Fig. 7), which indicates that LAMMA can be used as a rather crude 
depth probing device. 

Benzidine was adsorbed from aqueous solution (0.0016 M) onto the crocidolite and 
spectra were obtained at considerably lower laser intensities (Fig. 8) than in the 
previous example. The same Mg and Fe intensity anomalies can be noted in the spectra. 

Dimethylaniline was adsorbed from a benzene solution onto the fibers. This compound 
has been shown earlier to undergo chemical reactions when adsorbed onto laponite,’® which 
leads to the formation of (among other products) methyl violet by catalytic oxidation 
reactions. Figure 8 shows the negative mass spectrum of methyl violet; Figs. 9(b) and 
(c) show the negative and the positive spectrum of dimethyl aniline adsorbed onto croci- 
dolite. The characteristic fragmentation pattern of the oxidation product is clearly 
present in the spectra. 

Neither of the laser desorption spectra show any indication of the cationized 
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molecular fragments frequently observed when organic molecules undergo laser desorption 
in the presence of metals.*’ 

It has been shown that the surface of part of the UICC-crocidolite material has been 
contaminated with 3,3',5,5'-etratertiary butyl diphenoquinone, *? owing to a catalytic 
action on polythene in which the material was stored. Laser desorption mass spectra 
show evidence for heavy molecular fragments that could be related to this or other organic 
compounds. 

The measurements described, though still in progress, amply describe the possibili- 
ties of LAMMa as an aid in the surface characterization of individual microscopical 
fibers. 


References 


1. P. C. Elmes, "Current information on the health risk of asbestos," Rh. Soc. Hlth. 
J. 96: 248-252, 1976. 

2. J. Dunningan, D. Nadeau, D. Paradis, J.-P. Pele, R. Calvert, J.-M. Lalancette, 
and M. Cossette, "Cytotoxic and haemolytic effect of native and chemically modified 
chrysotile," Proc. Fourth Intern. Conf. Asbestos, Turin, 26-30 May 1980, 747-772. 

3. P. Wieser, R. Wurster, and H. Seiler, "Idenfitication of airborne particles 
by laser induced mass spectrometry,'' Atmos. Envtronm. 14: 485-494, 1980. 

4, P. Wieser, R. Wurster, and U. Haas, "Application of LAMMA in aerosol research," 
Fresentus Z. dral. Chemte 308: 260-269, 1981. 

S. F. Adams, P. Bloch, D. F. S. Natusch, and P. Surkyn, "Microscopical analysis for 
source identification in air chemistry and air pollution," Proce. Intern. Conf. Envtron- 
mental Pollution, Thessaloniki, Greece, 20-24 September 1981 (in press). 

6. E. Denoyer, R. Van Grieken, F. Adams and D. F. S. Natush, "Laser microprobe 
mass spectrometry: 1. Basic principles and performance characteristics," Anal. Chem. 
54: 26A-41A, 1982. 

7. R. Kaufmann, H. Hillenkamp, and R. Wechsung, "The laser microprobe mass analyser 
(LAMMA): A new instrument for biomedical microprobe analysis," Med. Progr. Technol. 

6: 109-120, 1979. 

8. H. Vogt, M. J. Heinen, S. Meier, and R. Wechsung, "J.AMMA 500, Principle and 
technical description of the instrument," Fresentus Z. anal. Chemte 308: 195-200, 1981. 

9. H. J. Heinen, S. Meier, H. Vogt, and R. Wechsung, "Laser desorption mass 
spectrometry with LAMMA,"' tbid., pp. 290-296. 

10. V. Timbrell and R. E. G. Rendall, ''Preparation of the UICC standard reference 
samples of asbestos," Powder Technology 5: 279-287, 1971/1972. 

11. V. Timbrell, "Characteristics of the International Union Against Cancer standard 
reference samples of asbestos,'' Pneumocontosts (Proc. Int. Conf.), Johannesburg, 1969, 
28-36. 

12. B. T. Commins and G. W. Gibbs, "Contaminating organic material in asbestos," 
Brit. J. Cancer 23: 358-364, 1969. 

13. W. A. Korfmacher, A. M. Miguel, G. Mamantov, E. L. Wehry, and D. F. S. Natusch, 
"Apparatus for vapor phase adsorption of polycyclic organic matter onto particulate 
surfaces," Env. Set. Technol. ]|3: 1229-1232, 1979. 

14. V. Timbrell, J. C. Gilson, and I Webster, "UICC standard reference samples of 
asbestos," Int. J. Cancer 3: 406-408, 1968. 

15. K. R. Spurny, J. Schormann, and R. Kaufmann, “Identification and microanalysis 
of mineral fibers by LAMMA," Fresentus Z. anal. Chemie 308: 274-279, 1981. 

16. E. F. Vansant and S. Yariv, "Adsorption and oxidation of dimethylaniline by 
Laponite," J. Chem. Soc., Far. Trans.I 73: 1815-1824, 1977. 

17. K. Balasanmugam, Tuan Anh Dang, R. J. Day and D. M. Hercules, "Some cation 
and anion attachment reactions in laser desorption mass spectrometry," Anal. Chem. 

53: 2296-2298, 1981. 


377 


K. F. J. Heinrich, Ed., Microbeam Analysis — 1982 
Copyright © 1982 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800 


ANIONIC SURFACTANT FILMS AS STANDARDS FOR QUANTITATIVE LASER MICROPROBE MASS ANALYSIS 
Renaat Gijbels, Paul Verlodt, and Serge Tavernier 


The LAMMA-500 instrument which became commercially available a few years ago is suitable 
for obtaining mass spectra from microvolumes of thin foils (about 1 um) by single laser 
shot perforation, since the ions are extracted at an angle of 180° with respect to the 
incident laser beam. For data quantification, Eppon foils doped with a variety of 
metallic elements are often used.’ 

Only a few systematic studies are available for quantitative interpretation of at 
least certain classes of LAMMA results.*”~* In this paper we describe the preparation of 
thin surfactant films containing well-known and easily controllable relative concentrations 
of metal ions. These samples are useful to determine relative sensitivity factors of a 
number of selected elements (e.g., the alkalis) and to correlate these factors with some 
convenient physical quantity, such as the first ionization potential of the elements 
concerned. 


Expertmental 


Laser mass spectra were obtained by using commercially available instrumentation 
(Leybold-Heraeus LAMMA-500) equipped with a data reduction system, described elsewhere. 

The surfactant Na-di-2-ethylhexylsulfosuccinate ('"'Aerosol-OT" or "Na-AOT'') was obtained 
from Fluka. The corresponding acid was prepared by addition of concentrated sulfuric acid 
as a dilute solution in ether to an ethanolic solution of Na-AOT, and filtering off of 
the insoluble sodium sulfate. The Li, K, Rb, and Cs salts were obtained by addition of 
LiOH, KOH, Rb2CO3 or Cs2CO3 to the filtrate. Ethanol and ether were distilled at reduced 
pressure. The residue was dissolved in benzene, water was removed by azeotropic distill- 
ation, and benzene by distillation at reduced pressure. The surfactant was finally dis- 
solved in diethylether and filtered. Evaporation of the filtrate yielded M-AOT. For more 
details see Refs. 6 and 7. The purity of the surfactants was determined by atomic emis- 
sion spectroscopy, after destruction in nitric and perchloric acids. Results are given 
in Table 1. We prepared mixtures of the five surfactants by weighing suitable quantities 
and dissolving them in chloroform. The composition of these mixtures was also determined 
by atomic emission spectroscopy after evaporation and destruction of the organic material. 
Results are summarized in Table 2. 

In order to prepare samples for laser microprobe mass analysis, 400-mesh copper grids 
identical with those used in electron microscopy were brought in contact with a beaker 
wall that had been previously wetted with the surfactant solution in chloroform. After 
evaporation of the solvent, a single surfactant film was obtained. 

The laser beam could easily be focused on such films and a number of single laser 
firings could be carried out within an opening of the copper grid without complete 
destruction of the film. The film thickness could be varied up to 1-2 um by adjustment 
of the surfactant concentration in the chloroform solution. The above sample preparation 
obviously does not require to use a supporting film such as Formvar. 

The surfactant films were irradiated with 1i5ns pulses of a frequency-quadrupled Nd-YAG 
laser (265 nm) at an energy of about 5 to 15 uJ. Both negative and positive ion time-of- 
flight mass spectra were recorded. 

The negative ion mass spectra are characterized by a series of C_H_ clusters 
(O<n< 2; 1<m< 15) that display an even-odd effect in their inténgities : clusters 
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TABLE 1.--Purity determination of the TABLE 2.--Composition of surfactant mixtures 


synthesized surfactants by atomic (in mole %), as determined by atomic emission 
emission spectrometry. spectrometry. 
Surfactant wt.-% Na wt.-% K wt.-% purity Li-AOT Na-AOT K-AOT Rb-AOT Cs-AOT 
Mixt. 1 17+1 2341 22+1 1941 1941 
Mixt. 2 60 +2 11.0405 11.0+ 0.5 9.040.5 9.0 + 0.5 
Mixt. 3 39 +1 4241 11.0¢ 0.5 4.040.5 4.04 0.5 
Mixt. 4 8.0+0.5 6.0405 73+2 9,040.5 4.04 0.5 
Mixt. 5 2+1 3241 32 +1 4.0405 4.04 0.5 


with even m are more abundant. The pattern is not unlike that described by Furstenau” 
for thin carbon foils, at least up to m= 8. The patterns are similar for all the 
surfactants, and for the surfactant mixtures, although.the contribution of heavy cluster 
ions tends to be more pronounced for surfactants containing the heavy alkalis (Fig. 1). 

The intensity of the molecular ion AOT (M.W. 422) is rather small in the described 
experimental conditions. Carbon clusters up to CisH, are observed even though the 
longest hydrocarbon chain in AOT is Cg (ethylhexyl), which suggests that these molecular 
ions could not have been formed by a laser desorption process alone. 

The positive ion spectra are 
characterized by high alkali metal ion 
intensities as compared to signals from 
"organic" origin. Even H* and C* were 


\V) not always detected. The organic part of 

; VA the mass spectra appears to be rather 

a sensitive to small variations in the 
experimental parameters. This observation 
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has also been made in SIMS experiments on 


= similar surfactants.*° In Fig. 2 the 
2 07 positive LAMMA spectrum of surfactant 
= mixture No. 1 is represented as an example. 
06 The measured isotope ratios of the 
2 Cs-AOT polyisotopic elements ( i, K, and Rb) 
3 0.5 do not agree very well with the literature 
ci Rb-AOT data, mainly owing to the imperfect 
Na-AOT functioning of the Biomation 8100 
04 ate transient recorder,? and to a lesser 
Li-AOT extent to the method used for peak area 
03 calculation.*? 


“01234567 89 0 1 12 13 14 15 m In the analysis of surfactant films, 
FIG. 1.--Relative intensity of negative molecu- prepared as described above, from solutions 
lar ions (ZC Hp 0 <n < 2) as function of num- of different concentrations (from 10-*° to 
ber of,C atoms (m) in cluster for the various 1 mole surfactant per liter of chloroform), 
surfactants. a linear relationship was found between 

the metal ion intensity and the surfactant 
concentration, at least up to about 1072 molar (Fig. 3). This finding suggests that (i) the 
same volume of surfactant solution is attached to the TEM grid, (ii) after evaporation of 
the solvent thicker surfactant layers are produced from a solution of higher concentration, 
and (iii) the measured ion intensity in the positive LAMMA spectra, for given instrumental 
parameters, is proportional to the film thickness at least over three orders of magnitude. 
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FIG. 2.--Positive ion LAMMA spectrum trom sur- 
factant mixture No. 1, containing about equi- 
molar quantities of Li, Na, K, Rb, and Cs-AOT 
(delay 0, input 0.05 V, sampling interval 0.05 In (i/c) 
us; filters yea Ha es tn (iZ°/eZ*) 
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FIG. 3.--Relative positive metal ion intensity as a function of metal content in chloroform 

solution (M/1); surfactant film was prepared as described in text. 


Quantitative Analysts: Relative Senstttvity of Alkalt Metals 


The production of positive alkali metal ions from anionic surfactant films under 
laser irradiation is quite reproducible. The intensity of these ions was therefore 
studied in more detail in order to assess whether their behavior is similar to that 
found for ion bombardment. ° 
According to Morgan and Werner’? several different equations proposed for the ionization 
ratio Thy / Typ can be grouped into one general expression 


Mye/Mye = K[Z,(T,)/Z,e(T,)] exp (-Ey/kT,) 


where n,,, and no are the number of M+ ions and Mw neutrals, respectively, emitted per 

unit time from a sample containing the element M; Z represent an electronic partition 
function, E,, is the first ionization potential, and T. is called the "ionization 

temperature.'' The proportionality constant has a different meaning depending on whether 

the Saha-Eggert, the Saha-Langmuir, or the Jurela equation is adopted (see Ref..11 for details) 
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Irrespective of which K (if any) is relevant, it appears that T. may be derived from 
a plot of log (nyj42 [Typ 24) vs EM Here n,,4+ is directly related to the total measured 
current of Mt iM Mcorectéa for 1sotopic abundance) whereas for n,o one can use the atomic 
concentration, provided that no ~n,,, the total number of all M-containing species emitted 
per unit time. The latter assumption is solely justified by the fact that satisfactory 
analytical results have been shown to ensue from it in SIMS analysis of metals, silicates, 
oxides, and surfactants, and apparently also for LAMMA, as is shown below. Blaise!? has 
also emphasized that equations of the above type certainly correspond to the best empirical 
approach to the problem of quantitative analysis by secondary ion emission, but that they 
should be considered as phenomenological laws; attempts to justify them by thermodynamic 
considerations are not considered convincing at all. This approach probably also applies 
to ion emission under pulsed laser irradiation. 


Dertvatton of the "Tontzatton Temperature ri" 


The calculations are similar to those described by Morgan and Werner’! for SIMS. The 
measured peak intensities were normalized to unit analytical concentration in the surfactant 
mixture, corrected for isotopic abundance 9, multiplied by the electronic partition function 
ratio (i /C, 82.0 (T)/Z4 (T) I, and plotted on a semilog scale vs. the first ionization 
potential E. (Fig. 4). The temperature-dependent partition functions and the E. values 
were taken Brom Drawin and Felenbok.!? T, was calculated from the least -square¥ slope 
of the straight line in the above semilog plot, and iterations were performed until the 
T. values used for Z coincided within 2% with that derived from the slope. 

In Fig. 4 (and similar figures for other surfactant mixtures), data from five LAMMA 
spectra are incorporated together with the standard deviations. Furthermore, it can be 
seen that a plot of log (i/c) vs E,, also yields straight lines. 

Tonization temperatures calculated from the various surfactant mixtures are summarized 
in Table 3. The internal consistency is quite satisfactory and the calculated "ionization 


TABLE 3.--Calculated "ionization TABLE 4.--Estimated sensitivity of LAMMA 
temperatures" (K). (E = 5-15 uJ) 
Mixt. 1 10300 Mixt. 4 10500 
-16 “17 
Mixt. 2 10700 Mixt. 5 10300 uf 1x 10's Rb 1x 10 °'g 
-16 -17 
Mixt. 3 12200 Average 10800 + 400 Na 1x 10 “'g Cs 1x 10 “g 
K 1 x 107} 


temperature" of about 1ifoo0° x is not even unrealistic, but tends to be higher than that 
observed in secondary ion emission from similar types of surfactants, ® i.e., about 6600- 
7250 K, depending on the selected secondary ion energy window. 


Senstttvity 


Taking into account the estimated thickness of the surfactant foil (and hence the 
amount of alkali element per unit area) and the average area of the holes made by laser 
firing, it is possible to estimate the sensitivity of the various elements in the 
present experimental conditions (Table 4). 


ConeLuston 


This LAMMA study on anionic surfactant films suggests that some kind of Local Thermal 
Equilibrium (LTE) model can be used to interpret the relative sensitivity factors of the 
positive alkali ion emission. It would be desirable to prepare surfactants containing 
other cations (i.e., nonalkali metal ions) in order to check whether this conclusion for 
LAMMA has the same validity as in SIMS.° 
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ATOMIC AND MOLECULAR ION EMISSION FROM SILICA IN LASER MASS SPECTROMETRY 


Eric Michiels, Anita Celis, and Renaat Gijbels 


A typical feature of "LAMMA" mass spectra is the occurrence of molecular ioms. So far 
the systematic study of molecular ions produced during laser irradiation has been limited 
to clusters from pure elements, e.g., C, Si, Ge, Ag, Au, Al, Fe,’ although occasionally 
alloys” and inorganic compounds have been investigated, Sci, ammonium , silver and 
aluminium perrhenate?® and iron(III)oxide, sulfate, and chloride. * Systematic data on 
LAMMA spectra of inorganic oxides are being accumulated in the authors' iaboratory, e.g., 
for group IV elements and for the lanthanides. 

In this paper we survey the Siz and Si,0n ions of mass up to about 560 amu produced 
when irradiating silica with a frequency quadrupled Q-switched Nd-YAG laser pulse. The 
experimental molecular ion distributions are similar to those observed in secondary ion 
mass spectrometry (SIMS). For a given m (1 < m < 8) the positive ion yields can con- 
veniently be described by the empirical formulas derived by Plog et al.° Maximum intensity 
is observed at n = 0 forme= 1, at n = 2 form = 2, and at n = 2m - 1 or 2m - 2 for 
3<m< 8. The average O/Si ratio increases continuously from 0.37 for m = 1, to about 
2 for m = 8. Negative molecular ion yieids with m = 1 can also be described by Plog's 
model, but clusters of the form Si,O, (with m > 1) show a different behavior from SIMMS: 
Sim93m+1] is more intense than Si,03,.. 

It is clear that the occurrence of molecular ions from a given matrix may interfere 
with the determination of impurities in the sample. Therefore it is desirable to study 
systematically the relative abundances of molecular ions using high-purity materials, and 
to compare them with theoretical and/or empirical models on ion formation. 

Unfortunately, no established theoretical model exists at present for calculating ion 
yields as a function of target and laser parameters. For the quantitative interpretation 
of LAMMA spectra, the local thermodynamic equilibrium (LTE) model appears to be a useful 
first approximation.® ® Heinen? has suggested that molecular ion formation from organic 
compounds and from inorganic salts by laser irradiation is primarily a thermal process. 
Furstenau!’!°"1! developed a model for describing the influence of crystal structure 
on cluster distributions on the assumptions that nonequilibrium effects dominate the 
laser-induced phase transition and that cluster stability effects are of only minor 
importance. He concluded that both equilibrium and nonequilibrium properties of the 
laser-induced evaporation process may determine the occurrence of molecular ions, depen- 
ding on target as well as on irradiation conditions. 

For secondary ion mass spectrometry (SIMS), a more extensive literature is available. 
Nevertheless, the mechanisms for generating secondary ions, and problems associated with 
such competing processes as, for instance, release from the solid-state surface, disso- 
ciation, and ionization, have to date remained largely uncertain and unresolved and are 
indicated in only few qualitative or empirical-model studies.°’!?° 18 


Experimental 


Laser mass spectra were obtained by commercially available instrumentation (Leybold- 
Heraeus LAMMA-500). The output of a frequency quadrupled Q-switched Nd-YAG laser (265 nn, 
15 ns pulse width) was focused onto the sample with the aid of a low power He-Ne pilot 
laser through an optical microscope fitted with UV-transparent glycerol immersion lenses. 
A 32x objective was used throughout. The energy delivered to the specimen was about 5 to 
15 uJ. For a more detailed description of the equipment, reference is made to the 


Department of Chemistry, University Antwerp (UIA), Universiteitsplein 1, B-2610 Wil- 
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literature.*?!9*??° Data from the transient recorder of the commercial instrument were 


fed into a Digital MINC-11 microprocessor equipped with dual floppy disks and a video 
screen. Mass assignments and peak area calculations were performed with the use of a 
computer program developed by Nullens.??! 

LAMMA spectra were obtained for the following samples: 


(a) powdered spectrographically pure Si02 from Johnson-Matthey, mounted on a 
Formvar coated TEM grid; 

(b) niga es Silica spheres, with a diameter of 0.5 um prepared according to 
Stober et al. also mounted on a Formvar coated TEM grid; 

(c) the quartz cover glass (optical window and vacuum seal of the time-of-flight mass 
spectrometer), by focusing of the laser beam on its inner surface; and 

(d) a crystalline mineral quartz sample of the same dimensions as the quartz cover 
glass (c), and mounted as optical window and vacuum seal instead of the latter. 


Samples (a) and (c) were superior because of higher purity; sample geometry (c) and 
(d) yielded higher ion intensities. Therefore the discussion will be based on the mass 
spectra obtained from sample (c). All intensities were normalized to Si atomic ions; 
the resulting values were designated as Tats No corrections have been made for differ- 
ences in ion-electron conversion efficiencies as a function of ion mass, composition, 
or charge. 

The LAMMA spectra indicated the presence of positive ions of the types Si Oe: 

(1 <m< 8 and 0 <n < 18). The experimental relative intensities are shown in “Table Ls 
The molecular ions can be classified into groups with the same number of silicon atoms m 
and a different number of oxygen atoms n. When m increases it is seen that the average 
O/Si ratio shifts to higher values, until at m = 8, <O/Si> ~ 2, i.e., the stoichiometric 
ratio of Si02 is obtained. The maximum intensity within a group is reached at Si,04,_9 
for 0 <m< 4, at Sip03m- j for 4<m< 7, and at Sim03m for m> 7. It can also be seen 
that the relative intensity of the various maxima decreases with increasing m, which 
indicates a smaller formation probability of larger molecular ions. This observation is 
in good qualitative agreement with the results of Richter and Trapp,” 23 obtained with 
dynamic SIMS of silicon bombarded with 03 and with oxygen gas admitted (up to 300 amu). 

Our results for negative ions of type SiO n (1 < m< 9 and 0 < n < 19) are shown in 
Table 2. Maximum intensities are found for ions Sip02m+1, except for m = 1, where 
Si0> and Si03 intensities are similar. These results are also similar to those of 
Richter and Trapp (o.c.) (up to 256 amu). 

Plog et al.” have proposed an empirical model for describing secondary ion yields from 
oxidized metal surfaces and metal oxides. It is based on the hypothesis that for 
secondary ion species of the type MeO* a Gaussian curve describes the ion yields as a 
function of the "fragment valence" K, 


= (q + 2n)/m 


where q is the total charge of the fragment, and m and n are the number of Me and O atoms 
in the cluster. 

A perfect parabola can obviously be fitted through the relative intensities of 
Si0# in a semi log plot versus K, since only three experimental points are available (Si*, 
Si0O*, and Si0$). The same is true for Si0;, if Si- is excluded (SiO , Si0;, and $i03) 
(Fig. 1). The maximum intensities occur at fragment valences G* = 1.56 and G = 4. 08, 
respectively. The variances of the parabolas are y* = 1.20 and y~ = 1.08, respectively. 
In Table 3 our data are compared with those calculated from Richter and Trapp's dynamic 
SIMS data (Si, bombarded with 03 and flooded with 02 gas). Richter and Trapp's data for 
SiO} and SiO, are shown in Fig. 2. 

For positive molecular ions containing more Si atoms (Si,0 ae m > 1), usually four 
experimental points are available, so that a more meaningful evaluation of Plog's model 
is possible. A parabola can easily be fitted through the logarithm of the ion intensities 
as a function of K (Fig. 3)3, the average correlation coefficient of these fits is better 
than 0.99. The parameters 1 sane ci » and Y are summarized in Table 3. It can again be 
seen that the relative maximum ae decreases and shifts to a higher K-value (120.58 
higher O/Si-ratio) when the number of Si atoms increases. The variances y of the para- 
bolas also decrease with increasing m. The somewhat unexpected increase of val for the 
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TABLE 1.--Relative positive ion yields and TABLE 2.--Relative negative ion 
weighted average 0/Si ratios for clusters yields. 
with a given number of Si atoms. 
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as function of fragment valence K. barded silicon (with bleeding of oxy- 


gen gas) as function of fragment 
valence K. (Data taken from Ref. 23.) 


Sis0, parabola may partly be due to practical difficulties of accurate measurement of the 
relevant peak areas of signals that are quite close to the detection limit. 

Richter and Trapp's*? dynamic SIMS data on Si (02 bombardment and O». gas admission) 
are presented in Fig. 4, for Si,0, (2 <m< 5). Comparison of Figs. 3 and 4 shows that 
Plog's parabolas for dynamic SIMS spectra tend to be broader. Morever, the intensity 
drop for increasing m is much more pronounced than for LAMMA spectra of Si0., even 
though Richter and Trapp assume that at the accepted energy range of 0-15 eV for the 
secondary ions, the intensities for the larger clusters are overestimated by a maximum 
factor of 3 (compared to those for the smaller clusters). The fact that their measure- 
ments were performed on silicon at a partial oxygen pressure of "only"! 7 x 10° Pa is 
irrevelant, since these data agree rather well with those obtained on thermally oxidized 
SiO. layers on Si.** Hence, it will be assumed that the quantitative differences 
between Figs. 3 and 4 are related to different ion formation probabilities under laser 
irradiation and ion bombardment. The parameter "energy" is certainly of importance 
since it is known that the ratio of MO /M ion intensities, for instance, decreases 
with increasing laser power. 
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TABLE 3.--Parabola parameters of molecular For negative molecular ions con- 


ion yields (see also text). taining more than one Si atom, we only 
P : . observe ions of the type _Si,0om+1 and, 
SPE NOY Tax | & Y to a lesser extent, Si,O02,; hence 
q 
cluster this work this work Ref. 23 this work Ref. 23 Plog's model cannot be evaluated for 


these negative ions. This situation 
is also encountered in negative SIMS 
spectra.*? 


(LAMMA) (LAMMA) (SIMS) (LAMMA) (SIMS) 


Coneluston 


In spite of quantitative differ- 
ences between LAMMA and SIMS spectra 
of Si0,, all general features are 
similar, which suggests that for other 
materials, too, SIMS literature data 
can be consulted for estimating the 
extent of mass spectral interferences 
that might occur in laser microprobe 
mass analysis. 
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LASER MICROPROBE MASS ANALYSIS OF ZWITTERIONIC QUATERNARY AMMONIUM SALTS 
K. Balasanmugam and D. M. Hercules 


Characterization of involatile and thermolabile compounds by mass spectrometry has been 
achieved by soft ionization methods such as Field Desorption (FD), Laser Desorption 
(LD), Chemical Ionization (CI), Fast Atom Bombardment (FAB), and Secondary Ion Mass 
Spectrometry (SIMS). 

The low volatility of quaternary ammonium saits limits the application of Electron 
Impact (EI) and CI; characterization of these compounds has been reported using SIMS, 
FD, Chemical Ionization Desorption (CID), and LD. Difficulties in obtaining negative 
ion spectra in most of the techniques limit their application. Laser Microprobe Mass 
Analysis (LAMMA) provides a direct ionization method for quaternary ammonium salts; 
positive and negative ion spectra are of very high intensity. 

In this study, the analysis of zwitterionic quaternary ammonium salts of different 
structural classes will be presented. A dominant intermolecular alkyl transfer reaction 
leading to "pair production" has been observed for all compounds studied. Such a process 
was suggested for FD of these compounds, where only the positive component of the pair- 
production was detected. 


R! Rt R! 


2 R-N(CH2) sCOO™ > [R-N(CH2)sCOOR]* [N(CH2) 5CO0]™ 


R R! R! 


Figure 1 shows the positive and negative ion spectra of one example studied. Methyl 
group transfer reaction has been confirmed by the detection of both positive and negative 
components [(M + CH3*) and (M - CH3~)] of the pair. 
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The authors are at the Department of Chemistry, University of Pittsburgh, Pittsburgh, 
PA 15260. 
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ISOTOPIC ANALYSIS WITH THE LASER MICROPROBE MASS ANALYZER 


D. S. Simons 


The Laser Microprobe Mass Analyzer (LAMMA) , * which combines a laser ablation ionization 
source with a time-of-flight mass spectrometer, has proved to be a versatile tool for 
materials analysis of particles and thin sections.” Because a mass spectrometer is 
used as the detector of the emitted ions, LAMMA is capable of determining isotopic 
as well as elemental abundance information. However, the author is aware of only one 
published study to date that has exploited this isotopic capability. It is the pur- 
pose of this paper to discuss the performance of LAMMA in the determination of relative 
isotopic abundances of an element. 

The determination of isotopic abundances in LAMMA is inherently more precise than 
the determination of elemental abundances. In the latter case relative ionization effi- 
ciencies among elements can be strongly affected by the details of the laser-solid inter- 
action, in analogy with the well-known matrix effects that arise from the ion-solid 
interaction in secondary ion mass spectrometry (SIMS). Matrix effects do not occur for 
the isotopes of a given element since they all have the same electronic properties. 

The best relative precision for a single isotopic ratio determination by LAMMA so far is 
about 5% (one standard deviation), as illustrated by data in Table 1 for the isotopic ra- 
tios among the major isotopes of lead, which was present as a constituent of a thin glass 


TABLE 1.--Isotopic rations of lead-K1113 glass film: Summary of 10 analyses. 


Peak Height Peak Area 
206/208 0.493 0.507 
RSD (1%) 5.1 6.0 
207/208 0.447 0.437 
RSD (%) 4.5 5.8 
206/207 1.104 1.161 
RSD (%) 4.8 4.0 


film. The relative standard deviations of the ratios for 10 separate spectra of closely 
spaced regions range from 4% to 6% and are independent of the calculation technique. 

One inherent instrumental limitation of precision is the 8-bit resolution of the tran- 
sient waveform recorder that is used to digitize and store the mass spectrum. The range 
of uncertainty in the measurement of an intensity that is just below full scale is 
approximately +0.5 of the least significant bit for the peak and the same uncertainty 
will be present in the background determination. The combined relative error is about 
0.3% for the peak minus background. Since the 7°°Pb and *°’Pb peaks were about one-half 
of full scale in this experiment, the digitization error contributes between 0.6% and 
0.8% to the uncertainties in the ratios determined by peak height in Table 1. For 
ratios based on peak area the digitization error has a slightly smaller effect (from 
0.5% to 0.7%). 


The author is with the Microanalysis Group, Center for Analytical Chemistry, National 
Bureau of Standards, Washington, D.C. 20234. This work was supported by the Air Force 
Technical Applications Center under contract T/0411/NP/NBS. 
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The dynamic accuracy of the transient recorder is a second and more important factor 
that affects the precision of isotope ratio measurements. Although the accuracy of the 
analog-to-digital converter may be 8-bits for input signals that vary slowly with time, 
the bandwidth of the recorder is only 25 MHz. The effective bit resolution is therefore 
severely degraded if the measured waveform has major frequency components that are com- 
parable to or greater than the bandwidth of the recorder. Figure 1 shows the contents 
of the transient recorder memory channels for the Pb isotopes taken at a sampling interval 
of 10 ns. Since the channel contents can change by a factor of 2 in adjacent channels it 
is clear that frequency components above 25 MHz are present in these pulses. Therefore it 
is reasonable to conclude that the precision of the transient recorder is reduced by this 
and other dynamic digitization errors to 4 or 5 bits rather than 8.* This conclusion would 
completely account for the measured ratio precisions shown in Table l. 

An example of the potential application of LAMMA to isotopic analysis problems is the 
determination of the half-life of '*°’Re by measurement of the ingrowth with time of Le aOs 
in a sample of rhenium that has been spiked with a known amount of a reference isotope 


188 . 
208 Osmium 
Lead | 
| 
= 2 
a 206 | 3 
= 207 | = 
i i= 
= | = 156 192 
| 
204 | 189 
Mass Mass 
FIG. 1.--LAMMA Spectrum of lead isotopes. FIG. 2.--LAMMA spectrum of osmium isotopes 
Each vertical line represents contents of from non-natural sample of osmium chlo- 
single memory channel of transient recorder. ride. 


Sampling time is 10 ns/channel. 


such as ?2°Qs. For this experiment the total quantity of 18795 created in one year from 
1 kg of rhenium is about 6 ng. With the current state of the art, no other mass spectro- 
metric technique can do a routine isotopic analysis of osmium with this amount of material. 
As a test of the capability of LAMMA to perform this type of measurement a blind sample 
of osmium chloride containing approximately 10 ng of osmium with non-natural isotopic com- 
position was supplied by Dr. Manfred Lindner of Lawrence Livermore National Laboratory. 
A similar sample of natural osmium was used to calibrate the nonlinear response of the 
electron multiplier detector. The correction factor for this effect was as large as 30% 
of the measured ratio for the conditions of this experiment. 
A spectrum of the non-natural osmium sample is shown in Fig. 2. It is estimated 
that less than 1 pg of osmium was comsumed in the acquisition of a single spectrum. 
Isotopic ratios were calculated from peak areas of 10 such spectra, corrected for 
detector nonlinearity, and averaged. The resulting values are shown in Table 2 along 
with the revealed isotopic composition of the sample. It is clear that LAMMA is capa- 
ble of determining isotopic ratios from less than 1 ng of osmium with an accuracy 
approaching 1% of the ratio value when the ratio value is greater than 0.2. These pre- 
liminary results give confidence that LAMMA can be used to improve greatly the accu- 
racy with which the half-life of 1®’Re is known at present. 
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TABLE 2.--Isotopic ratios of osmium (non-natural mixture): Average of 10 analyses. 


186/188 187/188 189/188 190/188 192/188 


Ratio determined <0.005 <0.005 0.037 0.233 0.263 
* 

by LAMMA +0.002 +0.008  +0.007 

True ratio 0.0015 0.0019 0.031 0.232 0.256 


* 
one standard deviation of the mean 
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Probe Applications to Metals and Ceramics 


AN EXAMPLE OF THE USE OF COMBINED TECHNIQUES OF ANALYTICAL TRANSMISSION ELECTRON 
MICROSCOPY FOR PHASE IDENTIFICATION 


D. G. Konitzer and H. L. Fraser 


The general area of analytical transmission electron microscopy has been the subject of 
considerable development over the past several years.'?? Of particular interest for 
phase identification are the techniques involving energy-dispersive x-ray spectroscopy 
(EDS), electron energy loss spectroscopy (EELS), and selected area and convergent beam 
electron diffraction (SAD and CBED, respectively), coupled with either conventional 
transmission or scanning transmission electron microscopy (TEM and STEM, respectively). 
The present paper gives an example of phase analysis in a Ti-8A1-4Y alloy, where it is 
shown that it is often necessary to use a combination of these techniques to permit a 
unique determination of the identity of a given phase. 

The microstructure of arc-melted Ti-8Al1-4Y apparently consists of three constituents 
namely the a-Ti matrix, an interdendritic precipitate, and a finely dispersed phase. ? 
The interest in this alloy arises from the possibility of producing a fine dispersion of 
Y203, and so the main thrust has been in establishing the nature of the finely dispersed 
phases. To accomplish this goal, one must first determine the constitution of the 
starting materials, in particular the nominally pure (99.95%) Y used in these experiments. 
In fact, it was found that the Y consisted of two phases, one the hexagonal matrix and 
the second between 5-10 vol% of a precipitate phase.* The work described below involves 
the application of the various analytical techniques for the identification of the second 
phase present in pure Y and the phases in the as arc-melted Ti-based alloy. 

An alloy of Ti-8A1-4Y was arc-melted under Ar from nominally pure components 
(> 99.95% pure). Thin foils of the elemental components and the alloy were prepared by 
conventional techniques, and any resultant surface films were removed by Ar ion sputtering 
in an Auger electron spectrometer. These foils were examined in two Philips EM400T trans- 
mission electron microscopes, one equipped with a STEM attachment and an EDS facility, the 
other with an EELS spectrometer. In addition, a VG HBS dedicated STEM instrument with 
both EDS and EELS facilities was used. 


Identifteatton of Seecond-phase Prectpttates tn Nomtnally Pure Y. 


a. Mtcrochemtcal Determtnattons. The microchemistry of the second phase in nominally 
pure Y was studied by both EDS and EELS in combination with either STEM or TEM. The EDS 
determination indicated that, regarding elements with z > 11, the phase contained only Y 
(with a small impurity concentration of Ta, present in both matrix and second phase), 
whereas the EELS studies revealed that a relatively high 0 concentration was also present. 
From these results, it was thought that the phase was the oxide Y,0;, but this stoichio- 
metry could not be established experimentally by these techniques. Electron diffraction 
was therefore used to determine the crystal structure and lattice parameter of this 
phase, and in this way uniquely established its nature. 


b. Electron Diffractton Studies. At first, SAD patterns were recorded; Fig. 1 shows 
three such patterns with the incident electron beam parallel to the various zone axes 
indicated. Although it is clear from this figure that the unit cell is indeed cubic, 
it was not possible to index the diffraction maxima uniquely on the basis of primitive, 


The authors are with the Department of Metallurgy and Mining, and the Materials Re- 
search Laboratory, University of Illinois, Urbana, IL 61801. This work was supported in 
part by the Department of Energy under contract DE AC02 76ERO1198 and by the University 
of Illinois. Helpful discussions with Dr. M. H. Loretto and the kind assistance of Dr. 
N. J. Zaluzec regarding the application of EELS experiments are gratefully acknowledged. 
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FIG, 1.--Selected area diffraction patterns withelectron beam parallel to [001], [011], 
[111], from region of second phase in pure Y. 


face-centered or body-centered cubic cells; some reflections appear to be unexpectedly 
absent, and relatively intense high-order Bragg reflections are present in the patterns. 
It was therefore necessary to use CBED to permit structure determination by noting the 
symmetries exhibited in diffraction patterns.” This technique involves positioning a 
focused probe of electrons with a finite convergence on the feature of interest, and 
recording the resultant diffraction pattern. The analysis involves three steps: the 
determination of the point group, of the nature of the unit cell and, finally, of the 
Space group. 


i. Crystal Point Group Determination. The procedure adopted by Buxton et al." 
is followed, where for a given zone axis the pattern symmetries in the zero-order Laue 
zone (projection diffraction symmetry), bright field (000 reflection), and whole pattern 
(including the higher-order Laue zone reflections) are determined. Three different zone 
axis convergent beam diffraction patterns were recorded in this experiment, corresponding 
to the incident electron beam being parallel to [001], [011] and [111] (Fig. 2). The 
resulting symmetries are listed in Table 1, and from Table 2 of Buxton et al. it is 
possible to deduce the possible diffraction groups of these patterns (listed in the last 
column of our Table 1). As can be seen, there is an apparent uncertainty in the diffrac- 
tion group corresponding to the [001] zone axis; however, it is clear from Table 2 that 
m3 is the only consistent crystal point group which contains one of each of the possible 
diffraction groups from the three zone axes. It is concluded, then, that the crystal 
point group of the second phase of interest is m3, 

ii. Determination of the Nature of the Unit Cell. It is possible to construct 
the reciprocal lattice cell corresponding to the structure of the phase by projecting the 
positions of reflections in the higher-order Laue zones in the [001] zone axis pattern 
(Fig. 2a) down onto the zero-order Laue zone. In this particular case, the reciprocal 
lattice consists of a face-centered cell, and consequently the unit cell in real space 
must be based on a body-centered cubic cell. Further, the diameters of the rings 
defined by the higher-order Laue zone reflections may be measured, from which a rather 
accurate lattice parameter, a, may be deduced. ° This procedure has been followed in 
the present work, and a value of a = 1.06 nm has been determined. 

iii. Determination of the Space Group. The space group may be deduced from the 
information derived above and the absent reflections in the diffraction patterns. Thus, 
of the seven space groups based on a point group of m3, only two correspond to body- 
centered cells, namely Im3 and Ia3.° We may distinguish between these two space groups 
by noting that the (011) reflections are absent from the selected area diffraction 
patterns (Fig. 1); such reflections are indeed forbidden in the case of the Ia3 space 
group, but are allowed for Im3. It is concluded that the space group of the phase of 
interest is Ia3. This space group has been shown previously to be consistent with the 
structure Y20;,’ ° and it is reasonable to assume that this is indeed the stoichiometry 
of the second phase present in nominally pure Y. Furthermore, the value of the lattice 
parameter derived above is essentially identical with that determined by x-ray techniques 
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TABLE 1.--Experimentally determined pattern symmetries for given zone axes, together 
with deduced diffraction groups, 


Zone Projection Bright Whole Deduced 

Axis Diffraction Field Pattern Diffraction 
Symmetry Symmetry Symmetry Group 

[001] 2mm 2mm 2mm 2mm or 2mm1, 

[111] 6 3 3 6p 

[011] 2mm - m 2mm, 


TABLE 2.--All possible crystal point groups containing either 2mm or 2mmlp diffraction 
groups. Letter x indicates that given diffraction group is consistent with particular 
point groups. It is concluded that m3 is the only point group containing one diffrac- 
tion group from each of the given zone axes. 


_Deduced Possible Crystal Point Groups 
Zone Diffraction _ 
Axis Group m3 6m2 mm2 mmm 4/mmm 6/mmm m3m 
[001] 2mm x x 
2mmlp x x x x x 
[111] 6p xX 
[011] 2pmmp x x x x x 


in bulk Y.,03 samples.” It is therefore concluded that the second phase in the nominally 
pure Y used in these experiments is Y203. Furthermore, it is now possible to associate 
diffraction patterns with reflections of similar intensities to those in Fig. 1 with the 
structure Y20,;. This fact is used below uniquely to identify both the interdendritic and 
finely dispersed phases in arc-melted Ti-8A1-4Y alloys. 


Identification of the Interdendritte Prectptitate 


a. Mterochemical Determinations. The microchemistry was studied by STEM coupled with 
EDS. A bright field transmission electron micrograph of a part of an interdendritic 
precipitate is shown in Fig. 3(a), and an EDS x-ray spectrum recorded from a point on this 
feature is shown in Fig. 3(b). It can be seen that the phase is rich in Y, and some Ti 
is also apparently present. It is not possible to assume that this Ti is alloyed with 
the Y since it has not been established that the matrix has been totally polished away 
from the protruding phase. However, the spectrum does indicate that the major consti- 
tuent of the interdendritic precipitate is Y. 


b. Eleetron Diffraction Studies. SAD patterns were recorded from the phase of 
interest, with the electron beam parallel to [001], [111], and [011], and they are 
essentially identical with those presented in Fig. 1. In view of the microchemical data 
and the work involving convergent beam electron diffraction, it is concluded that the 
interdendritic precipitate is also Y20;. It is not possible to comment on the possibility 
of alloying elements being present in the oxide. 
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(b) 


FIG. 2.--(a) [001], (b) {011], (c) [111]: Convergent beam zone axes patterns from second 
phase in pure Y showing bright field disk, whole pattern, and projection diffraction 
symmetries. 
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FIG. 3.--(a) Bright field micrograph of interdendritic region protruding from edge of 
the foil in arc-melted Ti8Al14Y; (b) EDS spectrum from region in (a). 


Identtficatton of the Finely Dispersed Phases 


a. Mterochemical Determinations. A typical precipitate is shown in Fig. 4(a); the 
EDS x-ray spectrum that results when the electron probe is focused to a diameter of 
about 100A and positioned at the center of the particle image is given in Fig. 4(b). 
It is expected that the electron beam will be scattered out of the precipitate and 
so much of the Ti and Al present in this spectrum must be attributed to contributions 
from the matrix. Thus, it appears that the phase consists mainly of Y. Furthermore, 
if it were to be assumed that the particle were situated on one side of the thinned ma- 
trix, the particle chemistry would be given approximately by the subtraction of the 
matrix spectrum (Fig. 4c) from the (assumed) combined spectrum (Fig. 4b). Such a 
manipulation yields a spectrum consisting essentially of the Y peak, which again 
indicates that, regarding elements with z > 11, the phase is composed of Y, 


b. Electron Diffraction Studtes. Because of the small size of the precipitates, it 
was not possible to obtain SAD patterns solely from the precipitate, For this reason, 
the electron probe was focused onto the particle and CBED patterns were recorded with the 
beam parallel to [111] and [011]. They are shown in Fig. 4(d), and it can be seen that 
the angle of convergence has been minimized to permit a comparison to be made between 
these and the selected area patterns shown in Fig. 1. Careful consideration of the 
positions and intensities of the reflections present in these various patterns leads to 
the conclusion that they are essentially identical. The structure of the finely dispersed 
phase is therefore the same as Y203, and in view of this fact and the microchemical 
determination described above, it may be concluded that the phase is indeed Y,03. 

The second phase present in nominally pure Y, and the interdendritic precipitates 
and finely dispersed phases in as arc-melted Ti-8A1-4Y have all been identified as Y203. 
The identification was made by a combination of several of the techniques of analytical 
transmission electron microscopy. The successful structural determination would not 
have been possible by any one technique alone. 
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FIG. 4.--(a) Bright field micrograph of a typical dispersoid particle; (b) EDS spectrum 
obtained when probe is placed on particle; (c) EDS spectrum obtained from adjoining 
matrix; (d) [011] and (e) [111]: Convergent beam zone axis patterns obtained from par- 


ticle in (a). 
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A NEW METHOD OF MEASURING ACTIVATION ENERGY BY ELECTRON PROBE ANALYSIS 
G. W. Qiao 


It is well known that segregation of elements (such as P, As, Sb, Bi) (especially grain 
boundary segregation) has very important effects on the mechanical properties (especially 
on embrittlement and fracture toughness) of steels and alloys. The formation and changes 
of elements segregation is controled by the diffusion mechanism of the elements. So far, 
a great many researches into the diffusion and activation energy have been undertaken. 
But the values calculated from thermodynamics cannot be applied in practical situations be- 
cause of failure to consider the defects that play a leading role in the diffusion proces- 
ses; and activation energy is difficult to measure in practice with conventional methods. 
We have had a try at measuring practical activation energy of phosphorus in steel by EPA. 
The principal consideration is as below. The original segregation of the elements 
(e.g., phosphorus in steel) was formed during solidification of the liquid. When prime 
austenite grains were formed, segregation of the element should satisfy the formula C = Cy 
exp(Q/RT), where Cp is the average concentration and C is the concentration at the grain 
boundaries.! At this point, grain boundary segregation of the element is very difficult 
to measure at so thin grain boundaries even by AES, because the accuracy of AES is poor, 
and in general the fracture surface is not wholly intergranular and is not plain enough 
for quantitative analysis. But after solidification the successive processing at a high 
temperature (e.g., rolling) changes this grain boundary segregation into some kind of body- 
micro segregation around the grain boundaries, as seen in a considerable number of metal- 
lographic microscopic observations. In this case, the sizes of the body-micro segregation 
regions are still very much smaller than the grain sizes, so the approximate conditions 
for deducing the above formula still apply. Therefore, 


Q = RT In(C/Cg) (1) 


EPA is accurately qualified for micro-region chemical concentration analysis. By means of 
measuring the segregation coefficients C/Cg (statistical mean value) using EPA, we can cal- 
culate the activation energy for that situation from Eq. (1). 

Although the diffusion activation energy is very structure sensitive, it is mainly con- 
trolled by defects formed during plastic deformation. As diffusion of the atoms along dis- 
location tubes or subgrain boundaries (dislocation network) is virtually the main micro- 
diffusion mechanism, the higher the density of the defects, the lower the diffusion acti- 
vation energy. Roughly, the diffusion activation, energy Q can be considered inversely 
proportional to the density of the dislocations p, and p is proportional to the plastic de- 
formation ratio 6. (In practice, we usually use the area deformation ratio 0, i.e., 

6 « Y6,) Thus we can say that Q «= 1/p « 1/6 « 1/Vo, and 


In(C/Cy) = A/¥O (2) 


where A is a constant. 

This linear relationship between logarithm of segregation coefficients and reciprocal 
of the square root of the area deformation ratio has been proved true by EPA experimental 
results on 12MnPV steel. The 80kg ingot of 12MnPV steel was subjected to various deforma- 
tions at 1200°C. We use (MgClo + CuCl») etching reagent for displaying micro-segregation 
regions of phosphorus in the steel (very clearly). Then the micro-segregation coefficients 
of phosphorus were determined by EPA. (Every value is the statistical average of several 
hundred times measured data.) Table 1 summarizes the measured results. 


The author, who is on leave from the Academia Sinica's Institute of Metal Research, is 
currently at the Cavendish Laboratory of the University of Cambridge. 
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TABLE 1,--Segregation coefficients and deformation ratio 


Area deformation 
ratio 0 


Corresponding activa- 
tion energy calcu- 
lated from Eq. (1) 


Average segregation 
coefficient of P 
C/Co 


(mm) 


(J-mo1-*) - 
Ingot 11319 
78 x 78 6133 
58 x 58 3307 
18 diam. 829 


122 


Indeed, there does exist an approximate linear relationship between logarithm of seg- 
regation coefficients of phosphorus and the reciprocal of the square root of the area de- 


formation ratio (Fig. 1). 


FIG. 1.--Segregation coefficient vs 
deformation ratio. 


Constant A depends on the temperature, materials, and other experimental conditions. 
From this relationship we can roughly estimate how much the segregation coefficient of the 
element we can get at a certain deformation ratio. Obviously, both the segregation coef- 
ficient and the activation energy are useful references for steeling processing. 
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SURFACE CHEMISTRY AND MORPHOLOGY OF 304-SS WELD AND WELD-SCALE MATERIAL 
J. M. Burkstrand and D. F. Paul 


Chemical reactors, either large scale or small research systems, often use stainless steel 
(SS) as a primary material for construction. The steel may serve as the reaction vessel 
itself, as input lines for the reactants, or as internal supports for the materials under 
study. These vessels and/or components are often modified by welding of the altered 
steel in place. Occasionally, not enough attention is given to the weld and the effect 
it can play in the reactor. This paper discusses the surface analysis of a weld in 
304-SS in which the back side of the steel was exposed to air during the welding process. 
Not surprisingly, both the morphology and the surface chemistry of the weld is different 
from those of the stainless steel. Different components of the steel are seen to be 
segregated to the surface in different regions. The resultant particle sizes and chemistry 
are such that some chemical reactions taking place in the vicinity of the weld could be 
modified. 

Although 304 stainless steel is fully austenitic, welding the 304-SS normally pro- 
duces a structure of a network of retained delta ferrite in an austenite matrix.!’ Car- 
bide precipitation on the austenite grain boundaries in the heat-affected zone adjacent 
to the weld metal is also characteristic of these welds. 

Because the welds were made with the inside surface exposed to air, we expect the in- 
side weld surface to be covered by a thick oxide. Various other workers* ’ have examined 
these oxides with more bulk sensitive techniques, such as electron dispersive spectros- 
copy (EDS) (microns depth sensitivity), and have found these oxides to be enriched 
in different metals, the details of which depended on the location in or near the weld. 
Little or no work done has been done in examining the surfaces of these 304-SS welds with 
Auger electron spectroscopy (AES) because of the very small electron beam size needed to 
examine the highly morphological surfaces. It was the purpose of this work to examine 
the surfaces (< 20 A in depth) with high-resolution Auger. 


Expertmental 


Autogenous (no filler metal added), full-penetration welds were made around the dia- 
meter of 304-SS tubes. A tungsten-electrode, inert-gas (Ar) welding technique was 
used. However, only the outside surface of the weld was shielded by the argon gas; 
inside the tube the molten weld metal was exposed to air. This technique reproduces the 
conditions practiced in some cases. After welding, the tubes were sectioned so that the 
inside weld surfaces could be examined with SEM, Auger electron spectroscopy, and scanning 
Auger microscopy (SAM). 

The surface analysis (SEM, AES, SAM) was carried out with a Physical Electronics 
high-resolution electron spectrometer (beam voltage to 25 keV, beam diameter > 400 A) 
located in an ultrahigh-vacuum system (operating pressure < 2.0 x 16° °° Torr). Most of 
the Auger data were acquired at a beam voltage of 15 keV and a current of 0.05 LA. AES 
analysis could not be carried out at the more commonly used beam voltages of 5 keV or 
less because excess charging took place. The higher-energy electron beam penetrated the 
oxide layer and/or particles in the weld region to the conducting substrate beneath. 

The AES data were acquired in three different forms: survey spectra (point or area), 
multiplexed energy regions (point or area), and maps. The survey spectra were acquired 
to determine which elements were present in a given point or area. SAM produced maps 
of the two-dimensional spatial distribution of the elements on the surface. The multi- 
plexed data, when combined with published elemental sensitivity factors,® were used to 


The authors are at Physical Electronics, 6509 Flying Cloud Drive, Eden Prairie, 
MN 55344. 
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obtain quantitative information. When combined with Ar ion etching, three-dimensional 
quantitative information was obtained. 

In acquiring the SAM maps, or when taking elemental line scans, one must correct for 
any variations in the surface topography. The Auger intensity varies with the angle of 
emission;° unless that is accounted for, an inaccurate knowledge of an element's spatial 
distribution will result. 


Results and Discusston 


Both optical and scanning electron microscopy indicated three different kinds of 
morphology in the weld region: (1) the weld area itself, (2) a scale just adjacent to 
the weld, and (3) a substrate just beneath the scale. Figures 1-3 show high resolution 
SEM micrographs of these three areas. Auger survey spectra (after removal of the resi- 
dual atmospheric surface contamination) and the corresponding elemental concentrations 
(in atomic %) are shown in Figs. 4-6. The composition of the metallic elements for these 
three surfaces are listed in Table I, along with the bulk composition of 304-SS (as 
measured! by EDS). It is easy to note which materials have segregated to the surface 
in the various regions. The SAM maps of the Fe, Mn, and Si (Figs. 7, 8, and 9, res- 
pectively) in the weld region (Fig. 1) show the high degree of spatial segretation that 
exists for these elements. These maps have been corrected for the highly irregular 
surface. There is a substantial iron concentration on the large particle in the upper 
right of Fig. 1. The Mn is more evenly distributed, and there are several areas with a 
high concentration of Si. 

Some points in Fig. 1, were selected for both AES survey and quantitative analysis. 
The quantitative results for the metallic elements are listed in Table 1. As indicated 
semiquanitatively by the maps, there is a significant variation in the elemental con- 
centration on the surface over the area shown. But in all cases examined on the weld, 
there is a large segregation of Mn and Si to the surface. The energy positions and line 
shapes of the AES peaks indicate that the metals are present as oxides, as expected. 
These same points were examined rat Ar ion etching of the surface. At point 2 of 
Fig. 1, the Si increased slightly 10 A into the surface, then decreased by a factor of 
two after only another 50 A had been removed. At the same time, the Fe and Mn increased 
proportionally. At point 3 of Fig. 1, the Si decreased by a factor of two after only 
25 A had been removed. In this region, the Mn increased whereas the Fe remained the same. 

The scale just adjacent to the weld material was also examined with SAM in a similar 


TABLE 1.--Metallic composition (atomic %). 


Fe Cr Ni Mn Si 
Bulk 304-SS 69.6 19.0 724 2.0 2.0 
Weld (Surface) 18.6 <001 <0.1 38.8 42.5 
Scale (Surface) 87.8 <0.1 <0.1 12.2 <0.1 
Base (Surface) 32.6 11.4 17.8 <0.1 38.1 
Weld, pt #1 15.8 <0.1 <0.1 53.2 30.9 
Weld, pt #2 11.3 <0.1 <0.1 21.9 66.8 
Weld, pt #3 8.1 <0.1 <0.1 30.4 61.5 
Weld, pt #4 19.8 <0.1 <0.1 55.8 24.3 
Weld, pt #5 63.8 <0.1 <0.1 19.9 16.3 
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fashion. The results, not shown here, in- 
dicate that the Mn is rather evenly distrib- 
uted over the area shown in Fig. 2. The Fe, 
on the other hand, is more highly concentra- 
ted between the "white ribbons" on the sur- 
face, and these "white ribbons" show a higher 
concentration of carbon. Quantitative point 
analyses confirm that. The same data (i.e., 
C line shapes) suggest that the majority of 
the carbon present is in the form of carbide. 
Thus, we seem to be observing iron carbide 
formation along the iron oxide grain bounda- 
ries. 

The AES data from the base (material be- 
low the scale, shown in Fig. 3) indicate a 


larger Si and Ni segregation to the surface. La pond 
No striking area segregation was seen in the re -— 2a 
SAM maps; the depth profiles behaved as dis- reQ um 


cussed for the scale subsurface. AS the $1 FIG. 7.--SAM image for Fe over weld re- 
decreased, there was an increase in the amount gion shown in Fig. 1. 

of Cr present, which indicated additional 
segregation of the Cr in this region. 


Coneluston 


We have demonstrated that the micro- 
structure and surface chemistry of a 304-SS 
weld joint exposed to air during welding 
is vastly different from the original 
Material. The resultant particle size on 
the weld region is of the order of 1 um-- 

a size important in certain catalytic 
reactions. The Auger surface analyses 
showed various regions where different 
elements had segregated to the surface. 
Because it is the surface chemistry and 
not the bulk that is important in catalysis, Mr 
the effects of these kinds of modifications teh 
to the 304-SS need to be considered when 
chemical reactions take place in the 
vicinity of such a weld. 
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FIG. 8.--SAM image for Mn over weld re- 
gion shown in Fig. 1. 
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INTERMETALLIC PHASES IN THE Cu/T-6-6-2 ALLOY SYSTEM 
J. R. Shappirio, P. C. Calella, and D. W.. Eckart 


Samples of copper and Ti-6-6-2 alloy, joined by hot isostatic pressing (HIP) techniques, 
have been found to fail at less than desired shear stress, Microstructural and micro- 
chemical investigation of such alloy couples revealed that failure occurred within the 
reaction zone formed between the two metals. The reaction zones were found to have a 
thickness consistent with the time and temperature of the joining process and to con- 
sist of parallel bands of intermetallic phases compositionally dependent on distance 
from the metal end-members. 

Previously reported work involving interactions in copper and titanium systems 
include diffusion studies’ ’* performed at low solute concentrations, and the phase 
diagram summary reported in Hansen. ° Wells” has reported on eutectic-based thin film 
diffusion brazing of Cu and Ti; this work was performed at atmospheric pressure, and at 
higher temperatures than the present study, so that beta phase decomposition was an 
important consideration. 

Zanner and Fisher’ have reported on the mechanical properties of diffusion-welded 
bonds between a commercial bronze rotating band and a Ti-6-6-2 shell body for use in 
experimental 155mm artillery projectiles; in their studies, the samples were observed to 
fail in shear in the bronze, and surface preparation of the two metals prior to joining 
was found to be the key factor affecting the integrity of the weld. Subsequent to their 
work, experimentation on similar projectiles where copper was substituted for the bronze 
rotating band resulted in failure on firing with catastropic separation of the rotating 
band from the shell casing. The present study was initiated to determine the cause of 
catastropic failure; the results are of interest not only because they lead to a different 
conclusion relative to the failure mechanism in this specific alloy system, but also be- 
cause they suggest guidelines of general application in the selection of alloy systems 
and processing conditions where dissimilar materials must be joined and retain mechanical 
integrity in a high-stress (shear) environment. 


Experimental 


Samples of Cu/Ti-6-6-2 alloy joins utilized in this investigation were obtained either 
from failed fired experimental projectiles or from unfired samples prepared in a manner 
consistent with size, shape, materials, and fabrication procedures of the actual fired 
hardware. Joining of the Cu/Ti-6-6-2 alloy was accomplished by HIP diffusion bonding at 
temperatures ranging from 538 to 593°C at an isostatic pressure of 15 kpsi in a high- 
temperature cold-wall autoclave; the procedures were essentially identical to those 
described elsewhere’ and differed only in cleaning procedures employed and in the manner 
in which vacuum sealing was accomplished prior to bonding. Prior to bonding, the copper 
rotating bands were cleaned in a series of baths consisting of acetone, alkaline cleaners, 
and finally a 5% nitric acid solution. All Ti alloy parts were cleaned sequentially in 
acetone, alkaline cleaner, a 2% hydrofluoric 40% nitric acid solution, and finally a 50% 
nitric acid solution. Sealing was accomplished by swaging of the copper band to the Ti 
alloy projectile body, welding of a pure Ti sleeve to the Ti body over the Cu band, 
welding of a Ti evacuation tube to the Ti body, evacuation of the area between the Ti 
sleeve and body, and seal-off of the evacuation tube. 


Authors Shappirio and Eckart are at Electronics Technology and Devices Laboratory, 
Fort Monmouth, NJ 07703; author Calella is at Large Caliber Weapons Section Laboratory, 
Dover, NJ 07801. They wish to express their appreciation to D. C. Fox for the Auger 
data and to C. F. Cook for helpful discussions. 
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Samples for light microscope investigation were prepared by standard metallographic 
techniques and then sequentially etched using Kroll's reagent (2HF:8HNO3:90H,0) swabbed 
for 20 s for the Ti-6-6-2 alloy and then for 5 s using H20:NH,OH:H20 for the copper. 
Typical microstructures thus revealed are illustrated in Fig. 1, a sample treated at 
593°C (1100°F) for 9 hr. The reaction zone in this sample is 5 um wide, the maximum 
thickness observed in these studies and corresponding to the maximum time-temperature 
employed. This reaction zone is revealed in greater detail in Fig. 2, a scanning 
electron micrograph taken on the same etched sample. Details of the reaction zone are 
now better resolved and at least three distinct layers parallel to the original alloy 
join may be seen. The region nearest the Ti-6-6-2 alloy, approximately 2.5 um in width, 
consists of columnar or prismatic crystallites with long axis perpendicular to the 
join; morphological characteristics of the other bands were not apparent. 

An attempt was made to analyze each of these physically different layers by energy- 
dispersive x-ray microanalysis. Analysis was performed at the center of each layer, 
identified as A-F in the micrograph of Fig. 3. The results of these analyses are listed 
in Table 1; those indicated by an asterisk correspond to the stoichiometric compounds 


TABLE 1.--Energy-dispersive x-ray analyses obtained on points in reaction zone identi- 
fied in Fig. 3. Phases marked (*) are room temperature stable as reported in Ref. 3; 
those marked (+) identified by x-ray diffractometry (this study). 


Location | Concentration Stoichiometry 


Cu (atomic) 


reported in the phase diagram*® for this chemical system. However, when similar analyses 


were performed across the entire reaction zone, with the sample translated in approxima- 
tely O0.lum steps between each analysis, a systematically increasing Ti and decreasing Cu 
concentration was observed, which suggests a complete range of solid solution between the 
two end members rather than the existence of discrete phases. X-ray line profiles for 
Al, V, and Sn present in the Ti-alloy were observed to decrease rapidly at the reaction 
zone interface; thus, these elements do not appear to participate in the diffusion process 
observed in this alloy system, as also reported by Zanner and Fisher. ° 

Fractures were induced in the Cu-Ti alloy by notching and cleaving of the sample. 
Samples fractured in this manner were identical in all respects with those which dis-~- 
integrated during firing, i.e., all fractured samples separated within the reaction zone 
between the two metals; typical fractured surfaces appear as shown in the scanning electron 
micrograph of Fig. 4. 

X-ray examination of such fractured surfaces confirmed that the rupture always 
occurred within the reaction zone. Diffractometry performed on opposing sides of the 
fracture revealed the phase Cu3Ti’‘and Cu metal on the Cu side, and the presence of CuTi, 
CuTig and Ti metal on the Ti side. 

Auger electron spectroscopy depth profiling was also performed on the fracture surfaces 
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just described. Since sputter rates were fairly low, these profiles were not continued 
for a time sufficient to profile completely through the reaction zone into the unreacted 
base metal. Nonetheless, they did show that over the distance profiled, estimated at 
more than 2000 A (0.2 um), the composition of the phase was constant. Depth estimates 
were based on previously determined depth profiling rates measured on SiO. films of 
accurately known thickness combined with estimated sputter yields for Ti metal relative 
to SiO, based on the data due to Wehner.’ 


Conelustons 


Reaction zones have been observed between pure copper and Ti-6-6-2 alloy reacted at 
temperatures up to 593°C at isostatic pressures of 15 kpsi for up to 9 hr. X-ray dif- 
fractometry shows the presence of the intermetallic compounds Cu3Ti, CuTi, and CuTio; 
optical microscopy indicates that these phases are distributed in bands parallel to the 
interface and form, by solid-state diffusion, reaction zones up to 5 yim wide with Cu 
concentration decreasing away from the Cu-rich side. Energy-dispersive x-ray analysis 
indicates a continuously varying composition across the reaction zone, but Auger 
spectroscopy/depth profiling reveals a nearly constant Cu/Ti ratio over distances within 
a single band of up to 2000 A. Since the volume of x-ray production is larger than the 
width of any given band, the chemical gradation apparent in the energy dispersive analy- 
ses would appear to result from x-ray signal averaging over more than a single-phase 
region. The weld joints which result from the fabrication process described thus consist 
of parallel bands of brittle intermetallic compounds in the Cu-Ti system, and are found 
to fracture and fail within this intermetallic phase region. 

The results reported here may have general application to other alloy systems designed 
for utilization in high-stress environments where there is a tendency for the formation 
of intermetallic compounds. A possible solution would be to employ an intervening foil 
of a metal that forms solid solutions rather than intermetallic compounds between both 
metal end-members to be joined. In the case of a Cu/Ti-6-6-2 alloy system with Nb as 
the intervening foil, we have observed no intermetallic phases;°® in preliminary tensile 
and shear stress strength tests,*® the strength of the bond exceeded that of the copper, 
and failure occurred in the copper. 
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EFFECTS OF SURFACE OXIDES ON THE COMPOSITION OF (Al, »Ga,_,)As FILMS, AS MEASURED BY THE 
ELECTRON PROBE 


N. C. Miller 


It is recognized that surface contamination films present problems in microanalysis of 
thin foils in a STEM.’ However, surface films can also cause systematic error in a low- 
voltage bulk electron probe measurement of composition. A low accelerating voltage is 
chosen to minimize the absorption correction or, in bulk film measurements, to avoid 
generating x rays from the substrate. Improved high accuracy measurements, by electron 
probe microanalysis, of the composition of liquid phase epitaxial films of (AlxsGa,_,)As, 
with 0 < x < 45 or Al < 23 at.%, have been recently reported.* AlCu and GaAs compound 
standards were used. The measurements were made at 6 keV to minimize the absorption 
correction for Al Ka x rays. However, at low voltabes (approximately 10 keV or less), 
the native or polishing oxides on sample and on standards may cause a non-negligible 
Systematic error in the measured composition. 

Auger electron spectroscopy has been used to estimate the composition and to measure 
the thickness of the oxides on the (Al,3Ga)_,)As films and on the standards. In compo- 
sition measurements, the low-energy Auger peaks of Al, Cu, Ga, and As (30-80 eV) are 
observed because they have short inelastic mean free paths, 4-8 A,* compared to oxide 
thicknesses, which are 20-70 A. 

Monte Carlo simulations’ were carried out to estimate the systematic error that the 
oxides, on films and on standards, introduce into the electron probe measurements of 
the composition of (Al, ,Ga,_,JAs films. Although Auger composition measurements of the 
oxides on GaAs and on (Al, ,Ga;]_,)JAs can only be semiquantitative, ° the accuracy is suffi- 
cient for the calculations of error using Monte Carlo simulations. 


Experimental 

The Auger measurements have been made with a Perkin-Elmer PH] model 545A scanning 
Auger microprobe. Derivative spectra are recorded (dN/dE) with a modulation voltage of 
3 V. The incident electron beam is at 3 keV and the current density is kept low at 
about 5 x 10 ° A/cm? to prevent charging. Sputter etching is done at 0.5 keV and 
1 x 10 ° A/em*, with a static argon aca of 5x 10 ° Torr. Sputter etch rates are 
5.0 A/min relative to Ta,0Os and 4.4 A/min relative to Al203. 

Standard oxide and metallic low-energy Auger peaks were obtained by sputter etching 
through known thin oxides into the underlying metal or alloy on oxidized aluminun, 
oxidized copper, oxidized InAs, and oxidized GaP. InAs, GaP, and GaAs are wafer from 
high-purity single crystals, and AlCu is a high purity two-phase alloy (the dominant 
phase is 50 at.% Al). The (Al, 5Go1_,)As films and all standards are stored in a dry 
box with flowing dry nitrogen. 

Composition vs depth was determined by recording of the low energy Auger peaks vs 
depth for oxides on nine (Al, sGa _, JAS films and on GaAs and AlCu. Oxide thicknesses 
were measured by recording (with multiplexing) oxygen vs sputter etch time. 

The AlCu standard was prepared by arc melting from 99.999% pure Al and Cu pieces, 
in flowing 99.99% purity argon. The alloy lump was then annealed for 2 hr at 600°C 
in vacuum and slow cooled to room temperature. This anneal resulted in grain growth 
and stress relief. The alloy was then polished under dry kerosene, to avoid contact 
with air and water. The kerosene was removed with acetone, followed by a methanol rinse 
and drying in pure nitrogen. The matrix is 50 at.% Al, the eta2 phase, and the second 


The author is a member of the technical staff of GTE Laboratories, Inc., 40 Sylvan 
Road, Waltham, MA 02254. 
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phase is the theta phase (66-2/3% Al). The matrix grains are 50-100 um in size after 
anneal. 


Results and Diseusston 


From observation of the low-energy Auger peaks, the oxide on AlCu is entirely Al203 
(Fig. la).® (Some carbon is also present.) As the oxide/alloy interface is approached 
during sputter etching, the metallic Al (68 eV) and Cu (60 eV) peaks appear at the same 
depth (Figs. 1b,c). The Al peak has a dramatic change in intensity and in energy (from 
54 to 68 eV) in the transition from the oxide to the metal. The Al,03 thickness can be 
measured either from the oxygen intensity vs time or from the Cu (60 eV) intensity vs 
time, as in Fig. 2. 

Low-energy Auger spectra from a depth profile through a typical native oxide on 
(AlxsGa, xJAs are shown in Fig. 3. From the spectra of the standards, the native oxide 
is made. up of Al2O3, gallium oxide, and arsenic oxide. A comparison of the depth pro- 
files of GaAs and of oxidized (AlysGa,_ xJAS of various aluminum concentration suggests 
that the cation ratio is nearly the same in the oxide and in the (Al,,Ga,_,)As film. 

The native oxide thickness for (Al,sGa,_,)As increases linearly from 20 to 60 A as 
aluminum concentration increases (Fig. 4). The best fit line is slightly steeper than 
the boundary lines of the data of Kuphal and Dinges.’ 

Monte Carlo simulations were carried out for oxides on AlCu, GaAs, and (Al,sGa,_,)As, 
with the oxide compositions discussed in the previous section. The oxide thickness was 
varied from 20 to 1000 A, at 6 keV. Graphs of Al Ka, Ga La, and As Lo x-ray intensity 
vs oxide thickness were plotted from the results of Monte Carlo simulations. The 
presence of Al203 on AlCu increases the Al Ka intensity by 6.0% per 100 A of Al203 
(Fig. 5) and decreases the Al x-ray intensity ration (k ratio) measured in electron 
probe microanalysis . The room-temperature Al203 on AlCu is at least 40 A, with a 
minimum systematic error in Al of 2.4%. 

The oxides on GaAs and on (Al,,Ga,_,)As cause a substantially smaller decrease in the 
three x-ray intensities (Al Ka, Ga La, and As La). The results are shown in Table 1, in 
which the measured oxide thickness has been used to obtain the systematic error in x-ray 
intensity. For Ga and As, the errors from film and from standard are small and partially 
cancel. For Al, the oxide error of the film is considerably smaller than the oxide error 
of the AlCu standard. However, for Al, these two errors add in the measured k ratio. 


TABLE 1,.--Percentage decrease in x-ray intensity for (Al,Ga,_,)As due to surface 


oxide, from Monte Carlo calculations. 
ap a a ee 


Film Film 
Composition Al Ka Ga La As La Thickness 
(at.%) (%) (%) (4) (A) 

0% Al 0.2 O53 20 

10% Al 0.5 0.6 0.5 40 

15% Al 0.5 1.0 0.9 55 

20% Al 0.8 1.2 0.9 67 


In general, the more the cation ratio in the oxide differs from that ratio in the 
substrate, the larger will be the systematic error in the composition measured by low 
voltage electron probe microanalysis. Of course, the larger the oxide film thickness, 
the bigger will be the oxide error in the measured composition. 

In summary, surface oxides on (Aly, Ga,_,)As cause a negligible error in the 
measured concentration of Ga and As, but the oxide error in the Al concentration can be 
estimated and is larger than statistical error in the measurement of Al concentration. 
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USE OF CATHODOLUMINESCENCE AND SIMS IN THE STUDY OF THERMAL CONVERSION OF SEMI- INSULATING 
GaAs 


S. Y. Yin and D. B. Wittry 


Because of its high resistivity, chronium-doped GaAs is frequently employed as a sub- 
strate for device fabrication. One of the problems encountered in device fabrication 
with semi-insulating GaAs has been the tendency for thin surface layers of low resisti- 
vity to form during heat treatment at temperatures used for epitaxial growth or post ion 
implantation annealing. In this paper work is described in which cathodoluminescence and 
SIMS are used to investigate this problem of thermal conversion. : 

Previous researchers have used a variety of techniques including photoluminescence- 
or SIMS° because both these techniques provide high sensitivity for detection of impurity 
effects in GaAs. However, the results of photoluminescence can be misleading because 
the excitation depth is small compared to thickness of the thermally converted layers 
(typically 1-2 lm). With cathodoluminescence, for example, the mean carrier generation 
depth at 40 kV is approximately 2 um. A comparison of photoemission spectra and catho- 
doluminescence spectra obtained from the same specimens shows significant differences; 
some of the strong peaks in the photoluminescence spectra are seen in the cathodolumin- 
escence spectra only when the electron beam voltage is reduced. Thus it seems clear 
that cathodoluminescence is a preferred method to investigate the mechansims involved 
in thermal conversion. 

In this work fourteen specimens of GaAs were studied, of which six were untreated 
specimens, four specimens heat-treated in hydrogen in a tube furnace, and four specimens 
heat-treated by the "melt controlled ambient technique" (MCAT) .© This technique, de- 
veloped at Hughes Research Laboratories, involved immersion of a graphite box contain- 
ing the specimens in a large melt of gallium saturated with GaAs. The box has a sliding 
lid that may be opened for growing layers by liquid phase epitaxy but is left closed for 
heat treatment. In the latter case, the vapor pressure of Ga and As are determined by 
ambient conditions; hence the term MCAT. 

Typical cathodoluminescence spectra at 30°K for a specimen that had a very low 
resistivity surface layer are shown in Fig. 1 (solid line). This specimen was heat- 
treated in Hz at 800°C for 30 min. In the same figure, the dotted line represents the 
30°K spectra for a specimen from the same ingot but without heat treatment. The 10.088A 
(1.23eV) peak has been attributed by Hwang’ and Williams’ to recombination involving a 
Si-donor-Ga-vacancy complex. This peak was observed in all of the specimens examined. 
The small peak at 8289 (1.496 eV) may be due to free electron capture at a shallow 
neutral acceptor. (The acceptor may be carbon on an arsenic site, as reported by Lum 


Author Yin is at the Microelectronics Center of Xerox Corp., El Segundo, CA 90245; 
author Wittry is at the University of Southern California (Department of Materials 
Science), Los Angeles, CA 90007. Specimens studied in this work were provided by 
Hughes Research Laboratories and the Naval Ocean Systems Center. Special thanks are 
due to C. L. Andersen and G. S. Kamath of Hughes Research Laboratories for the 
specimens involving MCAT, and to H. H. Wiener and W. Y. Lum of NOSC for specimens 
treated in a quartz tube furnace and photoluminescence data on these specimens. Judy 
Baker and D. A. Reed of the University of Illinois provided valuable help in obtaining 
SIMS data. This work was supported by the Air Force Office of Scientific Research 
The U.S. government is authorized to reproduce and distribute reprints for govern- 
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et al.,* since the GaAs was supported by a graphite boat during heat-treatment.) The 


peak at 8816 A (1.407 eV) is presumed to be due to a Si~acceptor-As-vacancy complex 
previously reported in doped samples of bulk GaAs.® The peak at 9100 A (1.363 eV) is 
presumed to be due to a Si-acceptor-Ga complex (Sigg Vga) » or a shallow donor (Sig,) -Cu 
acceptor (Cug,)', or recombination at Ga vacancies.1° The two shoulders at 9320 A 

(1.33 eV) and 9570 A (1.296 eV) are LO phonon replicas of the 9100A peak. 

The 9100A (1.363eV) peak seems to be a key to the mechanism for thermal conversion 
because it was found by Hall effect measurements of several specimens that the intensity 
of this peak increased monotonically with the carrier concentration of the surface 
layers. 

SIMS depth profiles were obtained for twelve of the specimens studied by catho- 
doluminescence. The secondary ion intensities of Cr, Si, C, Mn, and Cu for the heat- 
treated specimen of Fig. 1 are shown in Fig. 2. The Cu ion intensity obtained from 
this specimen is not significantly higher than obtained from other specimens examined. 
The Si ion intensity is also not unusually high but the heat treatment conditions for 
this specimen are expected to produce a high As and Ga vacancy concentration. Thus the 
principal mechanism for thermal conversion of semi-insulating GaAs may be a Si,.-Vc¢, 
complex formed during heat treatment. Obviously there are other possible interpreta- 
tions--for example, the depletion in Cr in the converted layer may lower the resistivity-- 
but this explanation cannot account for the increase in the intensity of the 9100A peak. 

A more detailed description of this work and analysis of the results is being 
submitted for publication elsewhere. 
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FLOW LINES AND MICROSCOPIC ELEMENTAL INHOMOGENEITIES IN AUSTENITIC STAINLESS STEELS 
W. C. Mosley Jr. 


Flow lines in mechanically formed autenitic stainless steels are known to influence frac- 
ture behavior.’ Enhancement of flow lines by chemical etching is evidence of elemental 
inhomogeneity. This paper presents the results of electron microprobe analyses to de- 
termine the nature of flow lines in three austenitic stainless steels: 21Cr-6Ni-9Mn, 
304L, and 19Ni-18Cr. 


Expertmental 


Each stainless-steel specimen was prepared for metallographic examination by grinding, 
polishing and chemical etching. Areas to be analyzed were marked with hardness indenta- 
tions and photographed. Specimens were then repolished leaving the indentations to help 
relocate the analysis areas. An Applied Research Laboratories Scanning Electron Micro- 
probe Quantometer (SEMQ) was used to analyze automatically about fity equally spaced 
points along lines perpendicular to the flow lines. Each point was analyzed for Cr. Mn, 
Fe, Ni, P, S, Al, and Si. X-ray intensities of the four major elements were measured 
with the same spectrometer. Standards were National Bureau of Standards standard ref- 
erence materials, pure metals, and well-characterized simple compounds. X-ray intensi- 
ties were converted to elemental concentrations with an online version of Magic Vs 
Each analysis required about 10 min; therefore, data for each point were normalized to 
compensate for instrumental drift. Analysis precision was determined by the performance 
of ten analyses of a single point on a reference specimen of each steel. After 
analysis, specimens were again etched and photographed to correlate the flow lines with 
the analysis points which were marked by spots caused by the electron beam. Elemental 
concentrations for the points along each analysis line were averaged to yield a bulk com- 
position. Standard deviations and ranges in the elemental concentrations are measures of 
inhomogeneity. Results are also presented as elemental concentration profiles, correla- 
tions between concentrations of alloying elements and the concentration of iron, and 
histograms showing the distributions of elemental concentrations. 

Flow lines were observed in specimens of 21Cr-6Ni-9Mn stainless steel from hot rolled 
bar, a hot cross rolled plate, and high energy rate forgings (seven forging steps) made 
from the plate. Locations of flow lines correlate with areas depleted in manganese, 
nickel, and possibly chromium. (Chromium inhomogeneity is only slightly greater than 
the analysis precision.) Elemental concentration profiles across flow lines on the speci- 
men from the seventh step of high energy rate forging (Fig. 1) are shown in Fig. 2. 
Concentrations of the major alloying elements decrease with increasing iron concentra- 
tion (Fig. 3) and are described by: 


Cr(wt. %) = 20.73 - 0.036 < Fe(wt. %) 
Mn(wt. %) = 34.52 - 0.386 x Fe(wt. %) 
Ni(wt. %) = 41.31 - 0.530 x Fe(wt. %) 


for 62.5 < Fe(wt. %) < 66.5. 


The author is with the E. I. du Pont de Nemours and Co., Savannah River Laboratory, 
Aiken, SC. 29808. This work was supported by the U. S. Department of Energy under 
Contract DE-ACO9-76SRO0001. The author thanks C. L. Angerman and G. R. Caskey for 
furnishing the steel specimens. 
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Results for the bar and plate specimens showed essentially the same correlations between 
elemental concentrations. Elemental inhomogeneities in the specimens from the first and 
seventh steps of high energy rate forging are the same and are greater than those in the 
bar and plate (Table 1). The histogram of Fig. 4 shows narrow, symmetrical elemental 
concentration distributions for the plate specimen; those for high energy rate forging are 
broader, with the iron distribution having a skewness towards lower concentrations. 

Flow lines were observed in specimens of 304L stainless steel from hot rolled bar and 
a high energy rate forging but not in a specimen from hot cross rolled plate. Also, 
ferrite was present as stringers in the plate and forging. In the forging, the stringers 
and flow lines were parallel. SEMQ results are presented in Table 2 and Figs. 5-8. Loca- 
tions of flow lines occur in areas enriched in chromium and iron and depleted in nickel 
and, possibly, manganese. (Manganese inhomogeneity is only slightly greater than the 
analysis precision.) Elemental concentration correlations for the austenite in the high 
energy rate forging are described by: 


Cr(wt. %) = -10.17 + 0.394 x Fe(wt. %) 
Ni(wt. %) = 98.65 - 1.257 x Fe({wt. %) 
Mn(wt. %) = 7.64 - 0.086 x Fe(wt. %) 


for 68.8 < Fe(wt. %) < 71.2. Elemental inhomogeneities in the austenite are significantly 
lower for the plate than for the forging which probably accounts for the absence of flow 
lines. Chromium and iron concentrations are symmetrically distributed for the plate 
specimen; the nickel distribution is slightly skewed towards higher concentrations. 
Elemental concentration distributions for the high energy rate forging are broader with 
those for iron and chromium being skewed towards lower concentrations. 

Analysis of a specimen from a forging of 19Ni-18Cr stainless steel (Figs. 9 and 10) 
showed that flow lines occur in areas enriched in nickel and chromium. A specimen of the 
casting from which the forging was made was also analyzed (Figs. 11 and 12). The dendri- 
tic cell boundaries of the casting were also enriched in nickel and chromium. Elemental 
inhomogeneities in the forging were slightly less than those in the casting (Table 3). 
Elemental concentration correlations are described by: 


Cr(wt. %) = 57.33 - 0.635 x Fe(wt. % 
Ni(wt. %) = 43.13 - 0.375 x Fe(wt. % 


and 


for the forging (Fig. 13), and 


Cr(wt. %) = 55.51 - 0.613 x Fe(wt. %) and 
Ni(wt. %) = 46.85 - 0.428 x Fe(wt. %) 


for the casting for 61.4 < Fe(wt. %) < 65.6. The forging and casting had similar elemental 
concentration distributions which are skewed towards low iron concentrations and high 
nickel and chromium concentrations (Fig. 14). 


Conelustons 


Flow lines in mechanically formed austenitic stainless steels correlate with elemental 
inhomogeneities. Areas in which flow lines occur correspond to austenite compositions 
that are the last to solidify during cooling from the melts. These inhomogeneities are 
given directionality by the forming processes. Results for the 304L stainless steel hot 
cross rolled plate indicate that homogenization can prevent flow line formation. However, 
high energy rate forging of 304L and 21Cr-6Ni-9Mn stainless steels appears to have in- 
creased elemental inhomogeneity and enhanced the flow lines. It is unusual that a mechani- 
cal process could cause such a chemical change. 
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TABLE 1.--SEMQ analyses of 21Cr-6Ni-9Mn steel specimens. ! 


Point on High energy 


annealed Hot rolled Hot cross rate forgjna 
Element* specimen bar rolled plate st step | /th step 
Cr Maxe 18.82 
AVG. 18.41 
Min. 17.90 
Std.dev. 0.20 
Range 0.92 
Mn Maxe 10.51 
Avge 9.49 
Min. 8.75 
Std.dev. 0.35 
Range T7176 
Fe Maxe 66.48 
Avge 64.76 
Min. 62.48 
Std.dev. 0.85 
Range 4.00 
Ni Max. 8.02 
Avg. 7.02 
Min. 5.98 
Std.dev. 0.49 
Range 2.04 
Si Maxe 0.21 0.24 
Avge 0.18 0.19 
Min. 0.16 0.16 
Std.dev. 0.01 0.02 
Range 0.05 0.08 


lResults in wt.%. 
2A1, S, and P below detection limits of about 0.1 wt.%. 
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TABLE 2.--SEMQ analyses of 304L steel specimens.1 
Point on Hot cross- | High energy 
high energy Hot rolled rate forging‘ 
Element2 rate forging bar Austenite 
Cr Max. 18.08 
Avg. 17.46 
Mine 16.63 
Std.dev. 0.46 
Range 1.45 
Mn MaXe 1.71 
Avge 1.59 
Min. 1.45 
Std.dev. 0.06 
Range 0.26 
Fe MaXe 71.19 
Avg. 70.20 
Min. 68.75 
Std.dev. 0.56 
Range 2.44 
Ni Max. 12.08 
Avg. 10.43 
Min. 9.7/9 
Std.dev. 0.78 
Range 2.29 
Si Maxe 0.30 
Avg. 0.23 
Min. 0.10 
Std.dev. 0.06 
Range 0.20 


lResults in wt.%. 

2A1, S, and P below detection limits of about 0.1 wt.%. 
3No flow lines observed. 

*Ferrite stingers too thin to analyze. 
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TABLE 3.--SEMQ analyses of 19Ni-18Cr steel specimens. ! 


Point on 
Element * forging Casting Forging 
Gr Max. 18.26 
Avge 16.48 
Min. 15.64 
Std.dev. 0.63 
Range 2.62 
Fe Maxe 65.58 
Avg. 64.37 
Min. 61.40 
Std.dev. 1.01 
Range 4.18 
Ni Max. 20.25 
Avge 18.96 
Mine 18.35 
Std.dev. 0.42 
Range 1.90 


1Results in wt.%. 


2Mn, Al, Si, P, and S less than detection limits of 
about 0.1 wt.%. 


0 10 20 30 40 50 
Analysis Point Number 


FIG. 10.--Elemental concentration FIG. 11.--Cast 19Ni-18Cr stainless steel. 
profiles across flow lines in 
forged 19Ni-18Cr stainless steel. 
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FIG. 12.--Elemental concentration 
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FIG. 14.--Histogram of distributions 
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forged (solid bars) and cast (dashed 
bars) 19Ni-18Cr stainless 

steel. 
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7 
Mineralogical Applications 


QALL, A 16-ELEMENT ANALYTICAL SCHEME FOR EFFICIENT PETROLOGIC WORK ON AN AUTOMATED ARL- 
SEMQ: APPLICATION TO MICA REFERENCE SAMPLES 


T. N. Solberg and J. A. Speer 


An analytical scheme, QALL, has been devised to obtain rapid quantitative analyses of 
minerals in petrographic thin sections on a fully automated, 9-spectrometer ARL-SEMQ. 
During its five years of use, it has proved to be efficient for a variety of rock- 
forming minerals. The scheme is presented here with an example of its use on a common 
and chemically complex mineral, biotite. 

Quantitative analysis with the electron microprobe for the petrologic study of 
igneous, metamorphic, and sedimentary rocks requires satisfaction of several rigorous 
demands. A useful silicate analysis usually includes at least nine elements (Si, Al, 
Ti, Fe, Mn, Mg, Ca, K, Na); a complete analysis also lists F and Cl, and, for some 
minerals, additional minor elements such as Cr, Ba, S, P, or Sr. Further difficulties 
arise because the sample, a polished thin section, commonly contains between three and 
twelve rock-forming minerals which vary in average atomic number, concentrations of 
elements, and coordination of some elements. In addition, the analyses must be 
accomplished expeditiously, with the same standardization for all minerals, so that a 
large number can be done in a day. 

The instrument at VPI is an ARL SEMQ electron microprobe with six fixed spectro- 
meters and three variable spectrometers. It has ARL automation with a PDP 11/34 
computer of 32K memory and two single density floppy disks. Qualitative work for rapid 
identification is done on a Kevex solid state detector. 


Analytical Seheme 


The instrument configuration for QALL is given in Table 1. The fixed-channel 
elements are those most prevalent in silicate, rock-forming minerals. The remaining 
elements are measured on spectrometers to optimize count rates and resolution while 
minimizing interferences. The elements are listed in the order in which they are 
measured with the variable spectrometers. The order was chosen to minimize the driving 
of the spectrometers and, in the case of F, increase the counting time. Each of the 
elements, except F, that is measured with a variable spectrometer has 10s counting 
times. Combined with two 4s background counts for Sr, F has a total counting time of 
38 s; elements measured with fixed spectrometers are counted for 48 s. A nearly equal 
amount of time is involved in driving the spectrometers and with about 20 s required 
for the calculations, total analysis time is just under 2 min. 

The accelerating voltage is 15 kV and beam current is either 10 or 20 nA. The 
lower beam current is used for smaller particles or for materials that are unstable 
under the electron beam. Otherwise 20 nA is used to increase precision by increased 
count rates. A lus deadtime constant is assumed for the detectors. Beam current drift 
is corrected by means of a beam current monitor. 

Generally the beam is rastered over a 10 X 8 um area (10 000x), to prevent beam 
damage to the sample while permitting avoidance of surface defects. If a smaller area 
requires study, such as an exsolved phase, fine-area analysis can be done with use of 
the scanning secondary-imaging capability. Particles smaller than the analytical 
volumes can be studied by dispersion on a carbon substrate.°? 

The x-ray intensity data are converted to oxide weight percentages by the ARL 
computer program based on the alpha factor correction scheme of Ziebold and Oglivie? 
as extended by Bence and Albee?! using the correction factors of Alee and Ray.?}? 


0 


The authors are at the Department of Geological Sciences of the Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061-0796. 
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TABLE 1.--QALL, analytical scheme for quantitative analysis on an automated ARL SEMQ 
run at an accelerating voltage of 15 keV and beam current of 10 or 20 nA; raster size 


10 x 8 um. 


element line time background standard (reference) 


variable spectrometer 1 (LIF)* 


Mn MnKa 10 fixed tsyn. tephroite (1) 

Cr CrKka 10 fixed chromite, Tiebaghi - (2) 
Ti Tika 10 fixed ‘rutile 

Ba BaLo 10 fixed *syn. Ba-Cl apatite 


variable spectrometer 2 (PET)* 


Cl C1Ka 10 fixed *syn. Ba-Cl apatite 
S SKa 10 fixed anhydrite, Stassfurt (3) 
Pp PKo 10 Fixed apatite, Durango (4) 
Sr SrLa 10 measured syn. SrC03 (5) 
variable spectrometer 3 (RAP)** 
Na Naka 10 fixed *albite, Amelia or Tiburon 
F FKa 38 fixed norbergite, Norberg (6) 


fixed spectrometers* 


4 (LiF) Fe FeKa 48 fixed fayalite, Rockport (7) 

5 (PET) K KKa 48 fixed orthoclase, Benson (8) 

6 (PET) Ca Caka 48 fixed apatite, Durango (4) 

7 (ADP) Si Sika 48 fixed talbite, Amelia or Tiburon 
8 (ADP) Al AlKa 48 fixed *albite, Amelia or Tiburon 
9 (TAP) Mg MgKa 48 fixed norbergite, Norberg (6) 


*intralaboratory standard 
Tcontains 0.2 wt% MgO 

*sealed proportional detector 
**P-10 flow proportional detector 


The crystals used in the analysis of particular elements were chosen to optimize 
the resolution and avoid interferences. Nevertheless, pulse-height discrimination is 
important in several instances. The Mg fixed channel has a TAP crystal requiring 
pulse-height discrimination of an interfering third-order CaKa peak. It would be less 
critical with the better resolution of a RAP crystal. Similarly, there is interference 


of SiK spectra with SrLa on PET, and interference of FKa by a third-order PKo, peak on the. 


RAP crystal, a particular problem in fluorapatites. 

Change in the shapes of x-ray spectra peaks as a result of different coordination 
and valency is a problem for some elements. Difficulties involving fluorine are dis- 
cussed by Solberg (see p. 148 of this volume). Another peak exhibiting this problem, 
Alka, is of particular concern because it is an important element measured on a fixed 
channel. 

All background values except those for Sr are entered as fixed values in counts/ 
s-nA. The input of backgrounds, required for the fixed spectrometers, decreases the 
analysis time if done for the variable spectrometers as well. Backgrounds are measured 
on materials with a range of average atomic numbers and the results are plotted as in 
Fig. 1. Appropriate backgrounds can be obtained from the plot depending on the average 
atomic number of the unknown. In practice, rock-forming silicate minerals have only a 
small range of average atomic numbers and the same background value for an element can 
be used for all minerals except in the most exacting work with trace elements. Sr 
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@ 
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FIG. 1.--Backgrounds measured on materials of 
differing average atomic number, in counts/s-nA 
for Na, Ca, and Mg; appropriate backgrounds for 
unknown are obtained by estimate of its average 
atomic number. 


ments can be restandardized. 
to ten 10s counting times on the standards. 


backgrounds are measured off-peak with 
PET scanning spectrometer. 

During the first few years of 
QALL use, the beam remained unblanked 
during the 96 s needed to count and 
drive the spectrometers, but it was 
found that this procedure resulted in 
loss of the volatile elements and 
extensive decomposition of susceptible 
minerals. Blanking the beam, except 
during the 48s analysis time, and 
rastering the beam in a 8 X 10pm rec- 
tangle minimize these problems. There 
has been a noticeable improvement in 
the analyses of Na-feldspars, zeolites, 
and glasses. 

Standardization 1s not required 
every time different operators begin 
to collect analyses, on different days, 
or when a filament is changed. Once 
the instrument is warmed up, a check 
of the previous standardization is 
made with a material of complex 
chemistry, such as the Kakanui horn- 
blende, or demanding chemistry, such 
as kyanite. If the analyses are un- 
satisfactory, any or all of the ele- 


Depending on the operator, standardization consists of three 
More counts are accumulated for Si, Al, and 


Na than the other elements because of low counting rates and their mineralogic importance. 
During standardization, the peak positions of the elements measured on the variable 


spectrometers are relocated, except for F. 


The F peak position is entered because the 


count rate for F is too low to locate accurately the peak position with 2s stepping of 


the spectrometer during standardization. 


The choice of standards is limited by the available material, but generally standards 


of simple chemistries are preferred. 


The standards used are listed in Table 1, with 
references to descriptions and analyses of the materials. 


Standards should contain a 


Significant concentration of the element being measured in order to minimize counting 


statistic errors. 


To save time, some standards can be used for more than one element; 
e.g., albite is used as a standard for Ai and Si as well as Na. 


All three elements have 


low count rates and a significant improvement in counting statistics occurs with only a 


small increase in time. 


Appltcatton 


The analytical scheme QALL has been used successfully in analyzing a variety of 


compositions in the mineral groups: 


amphibole Al-epidote 
biotite feldspar 
chlorite garnet 
cordierite glass 
dumortierite humite 


ilmenite 
white mica 
olivine 
pyroxene 
tourmaline 


For the carbonate minerals, calcite is the only phase that sums near 100% when a 


stoichiometric amount of COs is included. 


The other anydrous carbonates (e.g., dolomite, 


magnesite, and siderite) yield lower sums that progressively decrease for minerals with 
lower decomposition temperatures, which suggests that decomposition is the major problem. 
Biotite constitutes one of the more important mineral groups commonly studied in 


petrology and is among the most challenging of minerals to analyze. 


A good biotite 
+20 pet 


analysis requires determination of at least thirteen contituents, including Fe“, 
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F, Cl, and H20 and, in some cases, Li, Rb, 
and Cs. Solid solutions among dioctahedral, 
trioctahedral, and hydromicas, and sub- 
microscopic alterations make a check of the 
chemistry on the basis of structural formula 
difficult. Four analyzed biotites were 
studied: mica-Mg’?, mica-Fe!?, Cl-bio- 
tite’* and biotite, R.I. (Wones, personal 
communication; Fig. 2). The purpose of the 
study was not to test their suitability 

as standards but (1) to understand the de- 
gree of confidence that can be placed on 
mica analyses using simple, easily charac- 
terized standards and (2) to choose those 
biotites which would be effective intra- 

and interlaboratory monitors of quantitative 
analysis quality. 

The compositions determined for the 
biotites are presented in Table 2, where 
they are compared to the reported analysis. 
Water contents were calculated by means of 
the computer program, SUPERRECAL.*° The 
average of the microprobe analyses generally 
agrees within the standard deviation with 
the reported analyses. Systematic differ- 
ences arise from the inhomogeneities in the 
bulk samples used for the reported analyses. 
Most deviation is attributable to the 
presence of chloritized biotite which 
results in lower K20 and higher Ai203 
compared to the averaged microprobe 
analyses. The inclusion of other phases 
in the bulk samples used for the reported 
analyses affectsthe Ti, Ca, P, and C 
contents. The microprobe analyses show that 
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FIG. 2.--Projection of microprobe analyses 
of reference biotites onto phlogopite- 
annite-eastonite-siderophyllite quadri- 
lateral. Biotites generally show greater 
range in tetrahedral aluminum/silicon 
compositions than in Fe/(Fe + Mg). Ex- 
treme values are chloritized biotites and 
are also characterized by lower K20 values. 


the biotites do vary in composition, largely in tetrahedral silicon-aluminum composition. 
Of the four biotites reported here and three others not reported, the mica-Mg, mica-Fe oe 
and Cl-biotite!* are the most suitable for use as intra- and interlaboratory monitors. 
There is some compositional variation, but an average of five or more analyses yields 


compositions comparable with that reported. 


References 


1. H. Takei, "Czochralski growth of Mn,Si0, (tephroite) single crystal and its 
properties," J. Crystal Growth 34: 125-131, 1976. 

2. E. Jarosewich, J. A. Nelen, and J. A. Norberg, "Reference samples for electron 
microprobe analysis," Geostandards Newsletter 4: 43-47, 1980. 

3. O. W. Florke, "Kristallographie and rontgenometrische Untersuchungen im System 
CaSO4-CaSO, 2H20,'' Neues Jb. Mineral. Abh. 4: 189-240, 1952. 

4. E. J. Young, A. T. Myers, E. L. Munson, and N. M. Conkiin, "Mineralogy and 
geochemistry of fluorapatite from Cerro de Mercado, Durango, Mexico," U. S. Geol. 


Survey Prof. Paper 650-D, D84-D93, 1969. 


5. oJ. A. Speer and M. L. Hensley-Dunn, "Strontianite composition and physical 
properties," Am. Mineralogist 61: 1001-1004, 1976. 
6. Th. G. Sahama, "Mineralogy of the humite group," Amn. Acad. Set. Fenntcae IIT. 


Geol. Geogr. 31: 1-50, 1953. 


7. N. L. Bowen, J. F. Schairer, and E. Posnjak, "The system Ca Si0,-Fe2SiO,y," 


Am. J. Set. (5) 25: 271-297, 1933. 


425 


8. D. B. Stewart and T. L. Wright, "Al/Si order and symmetry of natural alkali 
feldspars:,,and the relationship of strained cell parameters to bulk compositions," 
Bull. Soc. Fr. Mineral. Cristallogr. 97: 356-377, 1974. 

9. T. N. Solberg, J. Abrecht, and D. A. Hewitt, "Graphical procedures for the 
refinement of electron microprobe analysis of fine-grained particles,'' Microbeam Analysts 
~-1981, 160-162. 

10. T. 0. Ziebold and R. E. Ogilvie, "An empirical method for electron micro- 
analysis,"' Analytical Chemistry 36: 322-327, 1964. 

11. A. E. Bence and A. L. Albee, "Empirical correction factors for the electron 
microanalysis of silicates and oxides," J. Geology 76: 382-403, 1968. 

12. <A. L. Albee and L. Ray, "Correction factors for electron-probe microanalysis 
of silicates, oxides, carbonates, phosphates, and sulfates," Analytical Chemtstry 42: 
1408-1414, 1970. 

13. K. Govindaraju, "Report (1968-1978) on two mica reference samples: Biotite 
mica-Fe and phlogopite Mica-Mg,"' Geostandards Newsletter 3: 3-24, 1979. 

14. D. F. Lee, "A chlorine-rich biotite from Lemhi County, Idaho," Am. Mineralogist 
43: 107-111, 1958. 

15. J. C. Rucklidge, "Specifications of Fortran program SUPERRECAL," Department 
of Geology, University of Toronto, 1971. 


TABLE 2.--Reported and determined analyses for the reference biotites. 


biotite 


des - Mg os - Fe Washington, R.I. re ~ biotite 

reported probe G reported probe a reported probe o reported probe o 
$;0, 38.30 38.44 (0.39) 34.40 34.50 (0.38) 36.12 36.25 (0.68) 33.09 32.93 (0.45) 
A1,03 15.20 14.87 (0.35) 19.50 18.51 (0.30) 18.60 16.63 (0.59) 17,65 18.15 (0.65) 
Fe,04 1.98 4.64 1.68 2.42 
Fed 6.73 (8.51)* 7.96* (0,70) 18.91 (23,09)* 22.53* (0.30) 18.06 (19.57)*  19,.33* (0.51) 29.22 (31.40)* 30.04* (1.16) 
MnO 0.26 0.24 (0.06) 0.35 0.39 (0.06) 0.27 0.27 (0.05) 0.04 0.09 (0.03) 
MgO 20.40 20.40 (0.54) 4.55 4.81 (0.17) 9.91 9.88 (0,44) 2.83 2.88 (0.16) 
CaO 0.08 0.04 (0.01) 0.43 0.07 (0.04) 0.18 0.05 (0.03) 0.10 0.03 (0.02) 
Na,0 0.12 0.26 (0.10) 0.30 0.32 (0.09) 0.28 0.04 (0.04) 0.13 0.10 (0.06) . 
K,0 10.00 10.48 (0.29) 8.75 9.34 (0.18) 8.79 9.37 (0.36) 9.04 9.13 (0.22) 
T4082 1.63 1.61 (0.31) 2.50 2.49 (0.16) 2.43 2.89 (0.43) 1.30 1.43 (0.13) 
Po05, 0.01 0.04 0.45 0.11 0.02 
H,0" 2.09 2.86" {0.01} 2.91 3.02" (0.02) 2.81 3.57" (0.04) 2.92 3.33” (0.02) 
H20™ 0.31 0.43 0.02 0.04 
Cl 0.08 0.13 0.05 0.09 (0.01) 0.23 G.12 (0.03) 1 1.13 (0.24) 
F 2.85 2.60 (0.18) 1.58 1.55 (0.14) 0.76 0.66 (0.15) 0.23 0.17 (0.04) 
Bad 0.45 0.49 (0.09) 0.016 0.06 (0.05) 0.22 0.22 (0.08) 0.09 0.11 (0.04) 
sro 0.003 0.06 0.0006 0.04 0.04 
Cro03 0.015 0.013 0.05 
CO, 0.15 0.19 
Rb20 0.04 

100.66 100.48 99.96 97.88 100.40 99.30 100.31 99.55 
O=F+C] _1.20 sedate 0.67 0.67 _0.30 0.31 _0.34 0.33 

99,26 99,36 98.83 97.21 700.10 98.99 99.97 99.22 

number of analyses 23 20 14 22 


*total iron as Fed 
+catculated to give 24 (0,0H,F,CT) 
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DECIPHERING THE EARLY HISTORY OF THE SOLAR SYSTEM BY MICROANALYSIS OF METEORITES 
G. J. Taylor 


Many types of meteorites are made of ancient, primitive components that have been only 
slightly altered since they formed about 4.5 billion years ago. These materials contain 
the record of the processes that affected planetary materials from the earliest stages of 
solar system history when a gas-dust cloud (the solar nebula) was colapsing to form the 
sun and planets. Because many of these components are fine grained, microanalysis is es- 
sential in determining their nature and origin. Meteorites also hold information about 
the thermal evolution of small (few hundred kilometers in radius) bodies in the solar sys- 
tem. This kind of information, which leads to inferences about the structure and fragmen- 
tation histories of small planets, can be acquired most effectively by electron microprobe 
analysis, This paper gives a brief and by no means complete account of meteorite studies 
involving microanalytical techniques (electron microprobe and scanning and transmission 
electron microscopy). The emphasis is on what we learn (or hope to learn) from these stud- 
ies, rather than on the techniques themselves. 


Primittve Components in Meteorites: Recorders of Processes in the Solar Nebula 


The solar system formed during the gravitational collapse of a vast cloud of inter- 
stellar gas and dust. The gas and dust reacted as pressures and temperatures increased 
during the collapse and during transient high-temperature, high-pressure events. The com- 
ponents in one type of meteorite called Type 3 chondrites (named for their primitive, un- 
metamorphosed state and for chondrules, millimeter-sized droplets of rapidly crystallized 
silicate melt which they contain) appear to represent different stages in the history of 
the solar nebula. Therefore, they contain detailed information about the chemical reac- 
tions that took place and the physical-chemical conditions in the nebula, and possibly 
about conditions in interstellar space before the solar system formed. In many ways the 
study of the components in chondrites is the most fundamental kind of planetary science-- 
it tells us what the raw materials of the planets were like. 

Chondrtte Matrtces. Chondrites are composed of chondrules and lumps of metallic Ni, 
Fe embedded in a dark (usually optically opaque in 30 wm-thick thin sections), fine-grained 
matrix. The abundance of matrix varies from about 15 to 50 vol.%. It is so fine grained 
(large grains are 5 wm across), that it was ignored for many years because optical micros- 
copy was unable to discern much about it. During the past several years, however, elec- 
tron microprobe analyses!»* have revealed that matrix is substantially richer in FeO than 
are chondrules. Somewhat surprisingly, matrix compositions in Type 3 chondrites are very 
similar to those of CI chondrites, which form the basis of so-called cosmic abundances ,? 
excluding H,0, C, S, and other highly volatile substances. This finding suggests that the 
FeO-rich matrix may be among the most primitive materials in meteorites and may represent 
the starting materials for the other components. The mineralogy of chondrite matrices is 
thus far ill defined. Microprobe and SEM data demonstrate the presence of abundant oli- 
vine, with minor amounts of magnetite, sulfides, pyroxene, metallic Ni, Fe, and graph- 
ite, 1,2,4-8 Textures are variable; some samples consist of piles of elongated olivine 
grains resembling match sticks® whereas others have a clastic assemblage apparently stuck 
together with amorphous material (Fig. 1).% However, much more work on matrix texture, 
phase compositions, and mineral abundances is needed. This work will clearly require de- 
tailed SEM observations followed by TEM, including analytical TEM. 


The author is at the Department of Geology and the Institute of Meteoritics, Univer- 
sity of New Mexico, Albuquerque, NM 87131. The work on meteorites done at the Institute 
of Meteoritics is funded by the University of New Mexico and by NASA Grant No. 32-004-064. 
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Graphtte-magnetite. Scott 
et al.2°!9 recently described a 
previously unrecognized primitive 
component in chondrites: aggre- 
gates that consist largely of sub- 
micron graphite and magnetite. 
Some graphite crystals are large 
enough (v% 5 um) so that the char- 
acteristic optical anisotrophy can 
be observed, but most graphite and 
all magnetite crystals are too 
small to be observed unambigiously 
even with an SEM. X-ray diffrac- 
tion demonstrates the presence of 
both phases and preliminary TEM 
work on one aggregate confirms the 
x-ray identification (P. Fraundorf, 
personal communication). Electron 
microprobe analyses show that the 


—— Pec ~ el ongeupn ya wolge aggregates contain less than about 
FIG. 1.--SEM backscattered electron image of matrix Ske Ge SI enenie: Guhe Haare. and 


: : 2 7 

hie 2 cnankOna: TPS gle aoe pte ete tas ae Fe. C varies from about 40 to 98 
cure: consisting mostly Of micron-sized mineral grains. “i % and covaries’ with Fe (Pig 2); 
PETC R DORRE (COMO Use Perna rags Sale , (The curvature in Fig. 2 is due to 


strong absorption of C x rays by Fe; the data were not corrected except for background and 
drift.) Graphite-magnetite aggregates doubtless formed in the solar nebula, perhaps by 
reaction of Fe metal with CO, but some grains of graphite and magnetite might have existed 
prior to the formation of the solar system: there is astronomical evidence for the exis- 
tence of graphite grains in interstellar space. 
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FIG. 2.--Electron microprobe data showing ap- 
proximate Fe concentration in four graphite- — 
magnetite inclusions (different symbol for Ou DISTANCE 
each) plotted against the intensity of carbon 

x rays (K-line, corrected for background). 


Data define a mixing curve between pure car- FIG, 3,--Electron microprobe profile across 
bon and Fe-rich mineral, which x-ray diffrac- adjacent kamacite (low-Ni) and taenite grains 
tion and electron diffraction show to be in chondrite. Note characteristic M-shaped 
magnetite, profile in taenite. 


Metallic Fe, Nt. In Type 3 chondrites, kamacite (metallic Fe, Ni with 5-7 wt.% Ni) 
contains 0.1 to 1 wt.% Cr, Si, and P, as determined by electron microprobe analysis.?171* 
Kamacite in metamorphosed chondrites contains undetectable amounts of these elements. The 
a high contents of the elements in kamacite of Type 3 chondrites were probably acquired at 

high temperatures in the solar nebula, in accord with thermodynamic calculations.!°> These 
high temperatures may have occurred during the formation of chondrules.!® 

Chondrules. These constitute the most abundant component in chondrites. There is uni- 
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versal agreement that most chondrules were once molten silicate droplets that cooled rapid- 
ly. Most are large enough to separate for chemical and isotropic analysis, but microanaly- 
tical techniques are also important when one is trying to determine how these objects 
formed. For example, Gooding!’ examined the surfaces of 141 chondrules using both optical 
and scanning electron microscopy and found no hypervelocity impact craters, which have 
characteristic morphologies. This observation seems to rule out most models of chondrule 
origin inyolving impact, Furthermore, electron microprobe studies of zoning of olivine 
crystals within chondrules, when combined with experiments on melts of chondrule composi- 
tion, suggest that chondrules, though certainly quenched, may have experienced a period of 
nearly isothermal annealing between the liquidus and solidus.!® If verified by additional 
experiments, this finding would place constraints on the physical regime in which chond- 
rules formed. 

Ca-Al-rich Inelustons. Many chondrites contain inclusions whose bulk compositions 
(high content of Ca, Al, Ti, Zr, Os, rare earths, and other refractory elements) indicate 
formation at very high temperatures (1500°K at 107° at. pressure) in the solar nebula. 
These inclusions are usually quite coarse grained (crystals 0.1-1 mm), but are surrounded 
by fine-grained rims, SEM study of the rims indicates that they represent lower- 
temperature assemblages than do the coarse-grained cores.©*!9 In many cases, several min- 
eralogically and texturally distinct rims are observed on a single inclusion. The rims 
clearly represent changing conditions in the region of the solar nebula where the Ca-Al- 
rich inclusions formed. 


Chondrite Thermal Histortes. Clues to Asterotd Fragmentation 


The cooling rates of chondrites in the temperature range 800-600°K can be determined 
by plotting the compositions and sizes of compositionally zoned taenite grains (taenite is 
a high-Ni metallic Fe,Ni mineral).*9>*! The method involves modeling of the growth of tae- 
nite grains and development of the characteristic M-shaped profile and comparison with a 
profile measured in a meteorite (Fig. 3). Taenite grains range in size from a few microns 
to about 100 um, and so are ideally suited for electron microprobe analysis. In fact, the 
measurement of meteorite cooling rates was one of the first applications of electron micro- 
probe analysis to meteorites .* 

Some chondrites formed from a layer of debris generated by impacts on the surfaces of 
their parent bodies, which are probably asteroids. These chondrites, called regolith brec- 
cias, contain clasts of chondritic rock set in a finer-grained, clastic matrix. Taenite 
grains in the clastic matrix of an individual regolith breccia have compositions that in- 
dicate cooling rates of between 1 and 1000°K/million years. This wide range in cooling 
rates required that the chondritic rocks that were ground up by repeated impacts to form 
the clastic matrix came from a wide range of depths within the parent asteroids. Thermal 
calculations?9 indicate depths ranging from a few kilometers up to about 100 km (on bodies 
200 km in radius). How can material from such a wide range of depths be brought to the 
surface? Impact would appear to be an obvious machanism, but it turns out that impacts are 
not capable of excavating material from tens of kilometers without disrupting a body a few 
hundred kilometers in diameter. Consequently, we have been led to the conclusion that the 
parent asteroids of chondrites must have been broken apart, but then reassembled.*° This 
process, which results in a chaotic surface containing materials from throughout the orig- 
inal parent asteroid, was originally proposed by Davis et al. on the basis of theoretical 
considerations of asteroid mechanical strengths and on relative impact velocities in the 
asteroid belt.2' 
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ELECTRON MICROPROBE ANALYSIS OF TRACE ELEMENTS IN MINERALS AT 10 PPM CONCENTRATIONS 
G. A. McKay and R. S. Seymour 


One very important approach to deciphering geologic history is through the study of trace 
element abundances in rocks. Reliable interpretation of such abundance data requires know- 
ledge of the effects of geological processes on trace element abundances. In order to 
contribute to this knowledge, we are studying the partitioning of various trace elements 
between silicate melts and several geologically important minerals in controlled labora- 
tory experiments. This investigation requires tm situ analysis of crystals and glass for 
trace elements. We have chosen the electron microprobe as our primary analytical tool. 

In some cases, we are able to "enrich" our experimental materials with amounts of trace 
elements which are easily measured by conventional microprobe techniques. However, enrich 
ment to these levels is not always possible. Consequently, we have developed an improved 
technique for analysis at low concentrations. 

The major challenge in performing microprobe analyses at low concentrations is to 
obtain the net x-ray intensity of the characteristic emission line of interest with suf- 
ficient precision and accuracy. Because net intensities are not measured directly, but 
rather are derived by subtraction of background from peak intensities, both background 
and peak must be measured with very high precision. For example, in our ARL-EMX micro- 
probe at 30 kV, the net intensity of the La; emission line from 20 ppm Nd in Fogy olivine 
is only 1.5% of the intensity of the continuous spectrum background at that wavelength. 
Hence, in order to measure 20 ppm Nd in our ARL probe with a relative precision of 410%, 
peak and background intensities must each be determined with relative precisions of 0.1%. 
In principle, it is always possible (though not necessarily practical) to obtain the re- 
quired counting precision by counting for a sufficiently long interval. For instance, 
precisions of 40.1% (20) may be obtained by accumulation of 3 * 10° counts, which requires 
counting times for Nd of 2000 s at 1A sample current on our ARL probe. 

Unfortunately, counting statistics are not the only limitation to trace element analy- 
ses with the microprobe. In addition to adequate counting precision, peak and background 
intensities must be measured with sufficient accuracy to limit systematic errors in net 
intensities to acceptable levels. One major source of systematic error is instrument 
drift, primarily from instability of the electron beam. For analyses where peak intensity 
is high relative to background, slight drift in beam current between measurement of peak 
and background intensities is of little consequence. However, if peak intensity is only 
slightly higher than background, such drift can result in large systematic errors in net 
intensity. Over the long counting times required to obtain adequate precision, even the 
most stable instruments are apt to drift significantly. Provided that drift is not erratic, 
this problem can be lessened by alternate measurment of peak and background intensities 
over shorter counting intervals and averaging of the results, rather than measurement of 
each with only one long counting interval. 

A second major source of systematic error arises because background intensity cannot 
be directly measured at the wavelength of the characteristic line on the sample being 
analyzed. Conventionally, backgrounds are either interpolated from intensities measured 
on the unknown sample at wavelengths on either side of the characteristic line, or are 
measured at the characteristic wavelength on a reference sample very similar in composition 
to the unknown, but which is known to have a much lower concentration of the element being 
determined. The first of these approaches is completely unsatisfactory for determination 
of elements of low concentration because the intensity of the continuous spectrum is 
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generally not a linear function of wavelength and interpolation often leads to large 
systematic errors in the background intensity. The second approach occasionally works 
very well, provided a reference sample of sufficient compositional similarity to the un- 
known is available. For example, Goldstein’ used this method to measure Ge in iron 
meteorites, with a detection limit of 20 ppm, using Fe-Ni standards to measure back- 
grounds. However, the intensity of the continuous spectrum is a strong function of com- 
position, especially of average atomic number. Hence, unless the composition of the 
reference sample is quite close to that of the unknown, this approach can also lead to 
significant systematic errors. It is often difficult to obtain reference samples of 
sufficient compositional similarity, particularly for complex silicates. 

The analytical technique developed in this study overcomes many of the above dif- 
ficulties. The approach is to use two separate spectrometers, with one set on-peak, i.e., 
at the characteristic wavelength, and the other set off-peak, at a nearby wavelength 
which is free of potential interfering characteristic lines and is therefore suitable 
for monitoring the intensity of the continuum. Care is taken to insure that no absorp- 
tion edges for elements likely to be present in significant quantities occur between the 
on-peak and off-peak wavelengths. On a reference sample similar in composition to the 
unknown, but which is known to contain a negligible amount of the element being deter- 
mined, the ratio between on-peak and off-peak intensities is measured with high preci- 
sion. Then the intensities at both wavelengths are measured with high precision on the 
unknown. The net intensity for the unknown is given by I(NET,X) = I(P,X) - I(B,X) ° 
I(P,REF)/I(B,REF), where I(P,X) is the intensity measured with the on-peak spectrometer 
for the unknown, I(B,X) is that measured with the off-peak spectrometer for the unknown, 
and I(P,REF) and I(B,REF) are these intensities for the reference sample. This net in- 
tensity is ratioed to that of a standard in the conventional manner to obtain concentra- 
tion. 

The above technique overcomes problems resulting from instrument drift and minimizes 
systematic errors in obtaining the background intensity for the unknown at the charac- 
teristic wavelength. Because off-peak intensity measurement occurs simultaneously with 
on-peak measurement, slight drift in electron-beam intensity affects x-ray intensities at 
both wavelengths proportionately, and hence has negligible effect on the net intensity ob- 
tained for the characteristic emission line. Furthermore, to a first approximation, the 
energy distribution of the continuous spectrum, and hence the ratio of intensities at two 
different wavelengths, is independent of sample composition. In contrast, the continuum 
intensity at any single wavelength is approximately proportional to the average atomic 
number of the sample. Hence, slight differences in composition between the reference 
sample and the unknown have a much smaller effect on net intensitiescomputed by the ratio 
method described above thanon net intensities obtained by directly subtracting the on- 
peak intensity for the reference sample from that for the unknown. 

Reproducibility of analyses performed by the technique described above is illustrated 
in Fig. 1. The points represent three separate analyses of the same olivine crystal from 
an Nd-doped experimental charge. The analyses were performed on three separate days 
Spanning a time of over eight months. The same low-Nd olivine crystal was used as a 
reference sample for each analysis. The plotted uncertainties represent +20 as predicted 
from Poisson counting statistics. For the analysis on 3/26/81, a statistically signifi-- 
cant number (24) of repeated 400 s determinations display a sample standard deviation 
(3.2 ppm) in excellent agreement with that predicted from counting statistics (3.4 ppm). 
Analyses on the three different dates are in precise agreement, within analytical un- 
certainty. 

The major factor limiting the precision and sensitivity of trace-element analyses by 
the techniques described here is the constancy of the intensity ratio between the two 
spectrometers. We have encountered several sources of variability in this ratio, some of 
which are understood and some of which are not. On the JSC ARL-EMX probe, this ratio has 
been found to be quite sensitive to the position of the electron beam on the surface of 
the sample and to the vertical height (focus) of the sample. However, careful operation 
can minimize this instrumental source of variability. If care is taken in focusing and 
if significant beam wander is prevented with the deflection system, the intensity ratios 
measured on a single sample within an interval of 1-2 hr almost always agree within un- 
certainties predicted from counting statistics. Commonly, drift in this ratio is notice- 
able over a period of several hours, possibly due to thermally induced changes in spectro- 
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meter geometry. However, such drift is not troublesome if the intensity ratio is measured 
on the reference sample at least once per hour. 

We have also encountered small sample-to-sample variations in on-peak/off-peak in- 
tensity ratios. The significance of such variations for Nd analyses of olivine is 
illustrated in Fig. 2. This figure shows the apparent Nd content of ten olivine samples 
as measured by the technique described above, plotted against Mg/(Fe + Mg), the major 
compositional variable of olivine. Analyses were performed at 30 kV and 1] A, with one 
spectrometer set at the wavelength of the Nd La; line and another at an inteference-free 
position 0.06 A higher than the peak. Glass REE2 of Drake and Weill”? was used as the Nd 
standard, and Springwater Olivine was used as the low-Nd reference sample. For each 
sample treated as an unknown, 15-22 200s counts were alternated with 200s counts on Spring- 
water. The error bars represent +2 standard deviations of the mean for each sample. 

All the olivines in Fig. 2 are believed to have actual Nd contents of less than 1 ppm. 
This belief results from the low value for the olivine/melt partition coefficient for Nd 
(<0.01 according to Refs. 3 and 4; <0.001, Ref. 5), the fact that natural melts with more 
than 100 ppm Nd are quite rare, and the knowledge that the synthetic olivines produced by 
us grew from melts with much less than 100 ppm Nd. The apparent Nd contents of at least 
three of the ten olivine samples differ significantly from zero as arbitrarily defined by 
Springwater, which indicates sample-to-sample variations in on-peak/off-peak intensity 
ratios. Until its source is understood, this variability in intensity ratios for low Nd 
samples provides the major limitation on precision and sensitivity of Nd analyses of oli- 
vine in the electron microprobe. To the extent that the 11 olivines shown in Fig. 2 
constitute a representative sample of low-Nd olivine, this variability introduces an uncer- 
tainty of +10 ppm (20) beyond counting statistics to Nd analyses performed with randomly 
chosen low-Nd olivines as background reference samples. This l10ppm uncertainty therefore 
also consitutues the minimum detection limit for Nd currently obtainable by this technique, 
regardless of counting time. 

In summary, we have presented an improved technique for measuring backgrounds during 
trace-element analysis by electron microprobe which overcomes major difficulties encoun- 
tered with conventional techniques. The new technique is shown to yield reproducible 
results to within 4 ppm Nd in olivine, and to have a minimum uncertainty and detection 


433 


limit of 10 ppm Nd in olivine. We believe that further refinements of the technique will 
permit us to apply it to analysis of geologically important trace elements in natural rocks 
and minerals. 
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MICROSTRUCTURE OF ENTREDICHO MERCURY ORE (CIUDAD REAL, SPAIN) 
F. A. Calvo, J. M. Guilemany and J. M. G6émez de Salazar 


Scanning Electron Microscopy (SEM) and x-ray Energy Dispersive Spectrometry (EDS) has been 
applied to the study of the microstructure and composition of mercury ore from Entredicho 
mine (Almadenejos, Ciudad Real, Spain). Conclusions are in line with those obtained for 
Almadén ore!»* and they support the hypothesis put forward about genesis of that deposit: 
the impregnation of a porous quarzite rock by magmatic mercury sulfide. 


Structure and composttton 


Entredicho mine is not far from Almadén (Spain), where the world-famous mercury mine is 
located. Entredicho mine is really a recent rediscovery because it was probably exploited 
in Roman times. Today's works are being carried out in the open. 

A previous conventional approach to the ore structure was made by optical microscopy 
(polished surface, transmited and reflected light) and microradiography. The cinnabar (HgS) 
is found to fill the spaces between the quartz grains, as well as inside them (microlites). 
Free mercury is found as drops of various sizes, even as droplets inside the quartz. 

Ore samples were broken after cooled in liquid air. Fracture surfaces were metalized 
with gold and studied by SEM. At low magnification aggregates of small idiomorphic quartz 
crystals can be seen emerging from cinnabar (Fig. 1). At higher magnification the following 
interesting details can be observed: 


1. The cinnabar is alotriomorphic 
around quartz cristals. Every intercrys- 
alline space was filled up with cinnabar 
‘Eig. 2). 
2. There is no coherence whatsoever 
between HgS and Si0,, although their con- 
itact has been very close. It is very easy 
-to detach these constituents (Figs. 3, 9, 
‘and 10). 
3. Fractured cinnabar exhibits a 
)fibrous-laminar structure (Fig. 2). De- 
stached cinnabar shows falt intersecting 
urfaces forming dihedral angles (Fig. 4). 
4. Quartz grains can be seen as (a) 
ell developed idiomorphic crystals (Figs. 
and 3), (b) not quite developed crystals 
(unfinished) (Fig. 5), and (c) fracture 
crystals (Fig. 11). 
5. Free mercury has been found (a) 
within the cinnabar (Fig. 6), (b) within 
FIG, 1.--Fracture surface. Idiomorphic quartz the quartz grains (Fig. 7), and (c) in 
microcrystals and cinnabar filling spaces. the contact quartz-cinnabar and at cinna- 
bar grain boundaries (Fig. 8). 

6. The contact cinnabar-quartz was so 
close that the smallest details on the 
surface of quartz crystals can be seen 
perfectly reproduced on the detached cin- 
nabar (Figs. 11-14). 


The authors are at Departamento de Metalurgia, Facultad de Ciencias Quimicas, Universi- 
dad Complutense, Madrid-3, Spain. 
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7. Pyrite has been found in low pro- 
portion as smail idiomorphic crystals as- 
sociated to the cinnabar (Fig. 15). 

8. By microanalysis (EDS), copper has 
.been found in solid solution in cinnabar, 
and copper and indium in mercury metal. 


Dtsecusston 


However close their association in the 
ore, quartz and cinnabar are not singe- 
netic. The quartzitic rock--the host 
rock--could have been formed from detritus 
by consolidation under water through dis- 
solution and reprecipitation as suggested 
by Mackenzie and Grees,? with the result 
of a more or less compact rock with abun- 
dant intercrystaline or intergranular 
spaces; the degree of id:omorphism would 
depend on the growth conditions. 

FIG. 2.--Details of Fig. 1. Broken cinnabar The facts are: 


illi i talli : ‘ 
filling quartz intercrystalline spaces (a) ‘full impregnation of the rock 


by HgS, 

(b) lack of cohesion and of any kind 
of interaction between HgS and Si0,, 

(c) printing on HgS of the smallest 
surfaces details of the quartz grains or 
-erystals that were in contact with it, 

(d) existence of free mercury every- 
where but in small proportions, 

(e) existence of small idiomorphic 
-erystals of pyrite, and 
: (f) solid solubility of Cu in Hgs. 


These facts can only be explained if 
it is accepted that magmatic HgS in a 
molten state (highly fluid) arrived at 
the host rock, 

Since SiO, is chemically inert to HgsS 
even in the molten condition, no inter- 
action other than a sort of casting pro- 
cess on solidification could take place. 
It is perfectly possible that this mag- 
matic HgS could have more Hg than the 
stoichiometric; this excess of Hg, being 
in solution, would possibly have a fluidifying effect on the molten cinnabar. On solidifi- 
cation this Hg was segregated and, as a vapor phase, made its way to the places where it is 
found. Magmatic conditions also explain the solubility of Cu and the crystalization of py- 
rite from the molten phase (HgS). There is geological evidence of volcanic phenomena as- 
sociated with the Almadén deposit. 


FIG. 3.--Profile correspondence between cinna- 
bar and quartz. Lack of cohesion. 


Conelustons 


1. SEM has been a key instrument for the study of the microstructure and composition 
of mercury ores. 

2. The findings in Almadén and Almadénejos ores are coincidents for a common genesic 
phenomena. 

3. The ore is the result of the impregnation of a quartzitic host rock by a magmatic 
HgS as a molten, highly fluid phase. The geological evidence of volcanism associated with 
the deposit is very significant. 
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4. On solidifying, the excess of Hg in the molten phases (HgS) was segregated. The 
HgS reached the smallest spaces and cast every detail of the quartz grains surface. 
5S. No other genesic hypothesis put forward to date could exp ain (a) that every space 
in the host rock was completely filled up with HgS, (b) the existence of metallic mercury, 
or (c) the high-quality reproduction on HgS of the smallest details on the quartz interphase. 


heferences 


1. F. A. Calvo and J. M, Guilemany, "Estructura del mineral de Almadén,"' Memorias del 
ler Congreso International del Mercurto, Barcelona (Spain), 1974, 177-188. 

2. F, A. Calvo and J. M. Guilemany, "Estudios sobre la estructura y considera ciones 
sobre la génesis de menas de mercurio: I. Yacimiento de Almadén,"' Rev. Real Acad. de Ciencias 
Exactas, Fisicas y Naturales, Madrid, 1980, 401-415. 

3. F. T. Mackenzie and R. Gees, "Quartz: Synthesis at earth surface conditions ," Scetence 
173: 533-534, 3977. 


FIG. 8,--Mercury droplets in HgS grain 
boundaries. 
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FIG. 9.--Fracture surfaces corresponding to FIG. 10.--Fracture surfaces corresponding to 
Fig. 10. Impressions of quartz crystals on Fig. 9. Impressions of quartz crystals on 
cinnabar. cinnabar. 
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FIG. ‘12,--Impression left on cinnabar by quartz 
crystals of Fig. 11. Detail of Fig. 10. 


FIG. 11.--Quartz crystal (broken on the top). 
Detail of Fig. 9. 
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FIG. 13.--Idiomorphic quartz crystal with FIG. 14,--Impression left by quartz crystal 
some irregularities. Fig. 13 on cinnabar. 


FIG, 15.--Idiomorphic pyrite crysta 


rounded by cinnabar. 
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ENERGY-DISPERSIVE ANALYSIS OF SOME COMMON ROCK FORMING MINERALS 


A. B. Merkle and A. O. Sandborg 


Energy-dispersive x-ray (EDX) spectra are collected from some common rock-forming minerals 
by use of a windowless detector. Integrated peak counts for elements present in concentra- 
tions greater than 5% yield standard deviations of less than 1%. Quantitative analysis 

is accomplished by use of mineral standards and a modified version of FRAME C. Average 
relative error percentage values for oxygen, magnesium, aluminum, and silicon are 1.2, 

0.8, 1.3, and 1.9, respectively. Averaged relative error percentage values for calcite, 
aluminosilicates, and the clay minerals are 0.7, 0.9, and 1.8, respectively. 

Silicate and carbonate minerals are comprised of more than 50% by weight of light 
elements. Therefore, (EDX) analysis using a conventional beryllium window detector 
yields the direct analysis of less than 50% by weight of the elements present. On the 
other hand, use of a windowless EDX detector yields the direct analysis of more than 
97% by weight of the elements present. 

In comparison to conventional EDX analysis, windowless EDX analysis presents no 
specific problems. The main requirement for windowless analysis is an electron column 
vacuum of at least 10° Torr. The sample being analyzed should be subjected to the same 
rigorous preparation techniques as if the sample were to undergo wavelength-dispersive 
x-ray (WDX) analysis by use of an electron microprobe. That is to say, the sample should 
have a flat surface and the electron beam-sample-detector geometry should be well known. 
Finally, quanitative windowless EDX analysis of minerals should require the use of 
mineral standards. 


Analyttcal Condittons 


EDX spectra for all minerals except muscovite are generated from a Philips 500 SEM. 
Muscovite spectra are generated from a Philips 505 SEM. Mineral spectra are collected 
and processed by an EDAX 9100/60 analyzing system with ECON (windowless) detector. 
Vacuum level for the Philips 500 is 5 x 10 ” Torr. Vacuum level for the Philips 505 
is 2x 10°’ Torr. All samples are gold coated to a thickness of approximately 125 A. 
Calcite spectra are accumulated with a 9.0kV accelerating potential. Spectra for all 
other minerals are accumulated with a 12.0kV accelerating potential. The accelerating 
potential is verified by observation of the upper limit of the generated x-ray conti- 
nuum on each spectrum. 

Sample tilt for minerals analyzed in the Philips 500 is 20°. Sample tilt for 
minerals analyzed in the Philips 505 is 10°. These tilt angles yield a take-off angle 
of 32.1°. Analysis time for calcite and muscovite is 200 live seconds, The analysis 
time for all other minerals is 180 live seconds. Spot size (auxiliary lens current) 
is adjusted to yield a count rate of approximately 2500 cps. The analyzer is cali- 
brated so that K, energy peaks for Al and Cu occur at values of 1.486 keV and 8.040 
keV, respectively. 

Clay mineral samples montmorillonite, attapulgite, and kaolinite obtained from 
pressed pellets are mounted so that the surface being analyzed is flat and lies paral- 
lel to the sample stub. Mineral fragments calcite, orthoclase, and muscovite are 
mounted on cleavage faces. Again, as for the clay minerals, the surface being analyzed 
is flat and lies parallel to the sample stub. Additional information concerning the 
minerals analyzed is presented in Table l. 


The authors are at Applications Laboratory, EDAX International, Inc., Box 135, 
Prairie View, IL 60069. 
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TABLE 1.--Analytical conditions for minerals. 


Sample 

Individuals Spectra surface Excitation 
Minerals analyzed accumulated analyzed region 

Calcite 3 14 Cleavage Spot mode 
at 320x 

Orthoclase 2 20 Cleavage Spot mode 
at 640x 

Muscovite Z 10 Cleavage Spot mode 
at 312x 

Montmorillonite 2 il Pressed Area scan 
powder 1250x 

Attapulgite 2 il Pressed Area scan 
powder 1250x 

Kaolinite 2 1 Pressed Area scan 
powder 1250x 


Correcttons and Caleulattons 


As each EDX spectrum is being accumulated, a label is assigned and all significant 
elemental peaks are identified. After accumulation, the EDX spectrum is stored on 
disk. 

Statistical errors for integrated peak intensities are calculated from the 
following formula: ? 


where S = statistical error, N = net peak counts, and B = subtracted background counts. 
On all spectra used in these analyses the integrated peak counts, for elements with con- 
centrations of 5% or more, yield a statistical error between 0.3 and 1.0% of the peak 
count. 

Prior to quantitative analysis each spectrum is subjected to a manual background 
correction. Quantitative analysis is accomplished by use of mineral standards and a 
modified version of FRAME C.*’* 

Standard deviations for analyzed elements are calculated from the following formula: 


N- 1 


where S = standard deviation, X; = concentration of an element, X = average concentra- 
tion, and N = number of individuals analyzed. 
Relative error percentage for an element is calculated from the following formula: 
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where R = relative error %, T = theoretical (actual) weight %, and A = analyzed weight 


Average relative error %* for a mineral is calculated from the following formula: * 
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where V = average relative error %, Rj = relative error 


elemental determinations for the mineral. 


Results 


(elemental), and N = number of 


The analytical results for minerals investigated are presented as Tables 2, 3, and 4. 
Each table contains data for element analyzed, theoretical or actual chemical composi- 
tion, averaged analyzed weight percentage, standard deviation, relative error percentage, 


TABLE 2.--Energy-dispersive analysis. 


A. Calcite Theoretical Analyzed Standard Relative 
Element weight % weight deviation error % 
C 12.0 11.8 0.41 -1.7 
oO 43.0 43.1 0.79 +0.2 
Ca 40.0 40.1 1.06 +0.2 
Average relative error % 0.7 
B. Orthoclase Theoretical Analyzed Standard Relative 
Element _ weight % _ _Weight * deviation errors 
.@) 46.0 45.4 0.42 -1.3 
Na 0.4 0.04 
Al a7 9.7 0.08 0.0 
Si 30.3 30.4 0.43 +0.3 
K 14.0 14.0 0.19 0.0 
Average relative error % 0.4 
TABLE 3.--Energy-dispersive analysis. 
A. Muscovite Theoretical Analyzed Standard Relative 
Element weight % weight % deviation error % 
oO 43.2 43.3 Zell +1.2 
Na 0.24 0.04 
Mg 0.51 0.04 
Al 20.3 Z20:64 0.51 -1.0 
Si 21.1 20.8 0.61 -1.9 
K 9.8 6.7 0.57 
Fe 2.8 0.48 
H 0.5 
Average relative error % 1.4 
B. Montmorillonite Che mical Analyzed Standard Relative 
Element composition weight % deviation error % 
oO 53.7 5269 0.81 ~1.5 
Mg 3.9 3.9 ll 0.0 
Al 9.3 9.4 16 +1.1 
Si 28.2 28.8 0.54 +2.1 
K 0.2 0.4 0.18 
Ca 2.0 2.2 0.15 
Ti 0.1 0.1 0.10 
Fe l.1 1.3 0.28 
H 1.1 


Average relative error % 1.2 
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A. Attapulgite 


TABLE 4.--Energy-dispersive analysis. 


Element 


@) 
Mg 
Al 
Si 
K 
Ca 
Ti 
Fe 
H 


Chemical 


composition 
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Average relative error % 1.6 


Ele ment 


.e) 
Al 
St 
Ti 
H 


Chemical! 


composition 


D7 
1.0 
0.7 
0.8 
1.5 


Average relative error % 2.7 


Calcite 


QO. 
Orthoclase 0. 
Muscovite L 


Element 


*Only one value. 


and average relative error percentage. 
range, and average relative error percentage. 
the analyzed minerals are listed as follows: 


ABN 


Analyzed 
weight % 
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Analyzed 
weight % 


Montmorillonite 
Attapulgite 
Kaolinite 


Compositional 
range (%) 


55.7 
30.3 
21.0 
6.2 

14.0 
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Standard 


deviation 


2.41 
0.16 
0.18 
1.18 
0.17 
0.43 
0.10 
0.79 


Standard 


deviation 


2.35 
0.37 
1.30 
0.74 


Average 
re lative 
error % 


Nee 
“ION DO 


Relative 


error % 


Relative 


error % 


Table 5 relates element analyzed, compositional 
The average relative error percentage for 


R. L. Myklebust and D. E. Newbury, "The use and abuse of a quantitative analysis 
procedure for energy-dispersive x-ray microanalysis," Mierobeam Analysts--1979, 231-237. 
R. L. Myklebust et al., "FRAME C: A compact procedure for quantitative energy- 
dispersive electron probe x-ray analysis," Proc. MAS 12th Ann. Conf., 1977, Q6A-96D. 

J. C. Russ, "Statistical errors," EDAX EDITor, 1976, Vol. 6, No. 3, 61. 
. J. C. Russ, "Modifications and extensions to NBS FRAME C," Microbeam Analysts 
--1979, 268-272. 

. H. A. Van Oliphant and J. J. Fripiat, Data Handbook for Clay Matertals and Other 
Non-Metallte Materials, New York: Pergamon Press, 1979, 13, 25, 34. 


TABLE 5.--Average relative error percentage values related to element analyzed and composi- 
tional range. 
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RARE-EARTH PYROSILICATES (RE,Si,0,) AS POTENTIAL ELECTRON MICROPROBE STANDARDS 


J. A. Speer and T. N. Solberg 


Microprobe analyses involving rare earth elements (REE) lag behind those of other elen- 
ments because of the numerous interfering x-ray spectra and the lack of comparable 
standards for all the REE. Little can be done about the x-ray spectra (Fig. 1), but 
the standards are amenable to improvement. Previous standards have included metals, 
oxides, REE-doped anorthite glass,“ analyzed minerals, and a limited number of synthe- 
tics such as REE-aluminate garnets. Problems with these standards include oxidation 

of the metals, hygroscopism of some oxides, and (for the minerals and glasses) limited 
quantities and the necessary testing for homogenization and actual amounts present. 

One of the REE silicate compounds* appeared to be a promising standard. They 
contain significant amount of REE are stoichiometric, have high thermal stabilities, 
and can be manufactured when needed. The simplest compound appeared to be the REE 
analogs of the minerals thortveitite (Sc25i207) and thalenite (Y2Si207). The 
RE2Si207 compounds are known in all the binary REE203-Si02 systems and they show exten- 
sive polymorphism. * 

The members of the REE pyrosilicates have been prepared by direct sintering of 
the oxides®’®’’ or by growth from various fluxes.°’??? In this study, the flux method 
for growing REE pyrosilicates was used and thus allowed relatively large, stoichiometric 
crystals to form. 

The REE pyrosilicates were grown from molten LizMo0,-MoO3 or Li2Mo0,-Si0, fluxes 
at approximately 850°C. The starting materials were 99.9% REE oxides and 99.95% SiQ>. 
All chemicals were from Apache Chemicals, Inc., Seward, Illinois. The charge consisted 
of between 5 and 10 wt-% of stoichiometric RE203 * 2Si0o in the flux,well mixed in a 
platinum crucible. The charge was held at temperature in a muffle furnace for 4 to 5 
days. The charge and crucible were air cooled and the flux was dissolved away in hot 
water. 

The REE pyrosilicates grown thus far are the Pr, Nd, Sm, Tb, Er, Tm, and Y compounds 
(Fig. 2). The crystals have been as large as 4 mm in the case of Pr and Nd, but most are 
between 0.5 and 1 mm. X-ray powder and single-crystal work show the crystals to be one 
of the number of various polymorphs that are possible with these compounds. They are 
stable under the electron beam and microprobe analyses of the Nd pyrosilicate (Table 1) 
would suggest near ideal composition. 


TABLE 1.--Microprobe analysis of flux-grown Nd-pyrosilicate. 


Flux-grown* Ideal Nd2Si2O7 
Sid. 27 AZ 26.32 
Nd 203 73.49 73.68 
100.61 100.00 


*average of 6 analyses. Si-standard, quartz (SiO); Nd-standard, Nd-Ga garnet 
(Nd3Gas5012). 


The authors are at the Department of Geological Sciences of the Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061-0976. 
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FIG, 1.--X-ray spectra of rare- 
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Scanning Electron Microscopy 


METHODS FOR STUDYING MAGNETIC DOMAINS IN THE SCANNING ELECTRON MICROSCOPE (SEM): 
A REVIEW 


0. C. Wells 


Magnetic domains have been studied in the SEM by these four methods: 


1. Scanning Lorentz microscopy of the fringing fields in transmission. Following the 
expressions used by Marton et al.! to describe similar methods in the transmission elec- 
tron microscope, this approach can be divided into the shadow method, in which the image 
of a reference mesh is distorted by the fringing fields,? and the Schlieren technique, in 
which the image contrast changes abruptly from bright to dark along a line of constant 
intercepted flux. 3 

2. Type-1 magnetic contrast, in which the fringing fields above the surface of a solid 
specimen modulate the collected secondary electron current. An exact mathematical theory 
has recently been given for the two-dimensional field case.° 

3. Type-2 magnetic contrast, in which the backscattered electron current is modulated 
by the internal magnetic fields of the specimen. This approach has been investigated 
theoretically by the Monte Carlo method.®»’ The high-voltage version gives information 
from below the surface.® The stroboscopic version gives images from repetitively moving 
domain walls.? The lock-in version reduces (or in some cases eliminates) the topographic 
and compositional contrasts. 1! 

4. Stohr!! has reported SEM studies of the magnetic flux in superconductors based on 
local heating by the electron beam. 


Future progress is expected in imaging faster domain motions, lower values of internal 
flux, and a wider range of applications. 
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DEVELOPMENT AND APPLICATION OF FULLY AUTOMATED EBIC TECHNIQUES FOR 
SOLAR-CELL MEASUREMENTS 


P, E. Russell and C. R. Herrington 


A fully automated system for EBIC measurements has been developed, based on a Tracor North- 
ern TN-2000 x-ray analysis automation system. The system provides for complete control of 
both the electron beam and the specimen stage, and automated data gathering. Specific uses 
include totally automated carrier diffusion length measurements and grain boundary effec- 
tive surface recombination velocity measurements. The system has been successfully used on 
both a CAMECA EPMA and a JEOL SEM. 

The electron beam induced current (EBIC) technique is a powerful tool for the investi- 
gation of semiconductor materials and device properties.! The technique utilizes a focused 
electron beam as a source of electron-hole pair generation in a well-controlled, localized 
volume. If the sample contains a collecting electrical junction, the short-circuit current 
response to the electron beam can be measured and/or used as intensity modulation for a 
short-circuit current, or EBIC, map. The major advantage of EBIC over other techniques is 
the spatial resolution obtainable. Typically, spatial resolution on the order of 1 um is 
easily obtainable and some information on a scale of a tenth or hundreth of a micron can 
be deduced. 

The EBIC technique has two disadvantages: the level of theoretical modeling and the 
state of the art of the EBIC measurement system. Most modeling to date has utilized a point 
source carrier generation assumption; in reality, the carrier generation volume is of the 
order of 1 um. More exact modeling results in three-dimensional boundary value current 
flow equations for which analytical solutions cannot be found. 

In this work significant improvement in the state of the art in EBIC measurement sys- 
tems is described. The system developed is totally computer automated and includes such 
features as beam-current regulation and reproducibility, beam blanking, and automated digi- 
tal data recording, display, and manipulation. The manual system on which the automation 
is based is described first, followed by the objectives of automating the system. A com- 
plete description of the automated system including hardware, software, and several examples 
of the use of the system follows. The most commonly desired form of EBIC data is either 
EBIC or In EBIC versus beam position. It is this type of output that will be addressed in 
the following. 


Procedure Requtred for Manual Measurements 


The manual technique used to provide an induced current line scan (EBIC versus electron 
beam position) requires a well-controlled electron beam with a linescan mode, a low-noise 
and low input impedance picoammeter with analog output, and a strip chart recorder with a 
DC offset. A slow electron beam scan rate is used (approximately 1 mm/s) and the scan 
speed must be accurately measured. 

Because the instantaneous induced current is typically 10-© to 107!4 A, the picoammeter 
should be as close as possible to the SEM sample chamber (ideally inside the sample cham- 
ber) to limit current loss in the cabling and to limit extraneous electrical noise from en- 
tering the circuit. The two terminals of the PV device should lead directly into the pico- 
ammeter and should remain isolated from the system grounds to avoid electrical noise. The 
analog output of the picoammeter can then be sent to the video circuitry to obtain an EBIC 
image or a linescan on the SEM CRT with normal magnification, brightness, and contrast con- 
trol. This procedure gives a qualitative measure, 1.e., a map of the current response of 
the sample. 


The authors are at the Solar Energy Research Institute (Photovoltaic Devices and Meas- 
urements Branch), Golden, CO 80401 
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To make the technique more quantitative, the picoammeter analog output can be fed into 
a high-resolution strip chart recorder. Appropriate adjustments can then be made on the 
recorder to obtain a highly detailed and resolvable linescan of Ipprc versus electron beam 
position. Since the beam scan speed has been accurately measured and the chart speed is 
known, the beam position axis scale can be determined. This procedure gives accurate quan- 
titative results. The results desired (typically Ler¢r¢ and Sere)? are derived from the 
In(Ippgic) vs position curve. If a logarithmic amplifier or recorder is used, the conver- 
sion is greatly simplified; however, the accuracy is questionable. 

In practice, it has been found highly desirable to have two searate EBIC measuring ar- 
rangements, one for imaging and a separate one for quantitative data gathering. For im- 
aging, one wants to measure the EBIC current continuously, amplify it, and convert it to a 
0-10V analog input to the normal SEM display intensity input. Since the output is recorded 
as an inherently qualitative gray scale on a micrograph, the accurate calibration of this 
amplifier chain is not crucial. The time response of this imaging circuit must be fast 
enough for use with normal SEM imaging speeds, although only the slow scan speeds are ap- 
plicable. The signal can be processed by all normal image processing modes of SEM includ- 
ing DC suppression, gain, nonlinear amplification or gamma, and filtering through a band- 
pass filter if desired. 

The major problem encountered in EBIC imaging is electrical noise pickup, as either 
random noise (especially at very low current levels) or 60Hz noise from ground-loop prob- 
lems or improper shielding. To avoid these problems, a current preamplifier is placed in 
a double-shielded isolated can as close as possible to the microscope, which reduces prob- 
lems of noise pickup by cable and of cable capacitance. 

When quantitative EBIC data are wanted, speed is no longer the major concern for the 
EBIC measurement circuit, but accurate calibration is crucial. It is desired to measure, 
as accurately as possible, the EBIC current essentially on a point-by-point basis for cor- 
relation with the position of the electron beam on the sample. This mode does not require 
a signal that is compatible with the SEM image signal processing; the only requirement is 
that the current values can be read and recorded. For use in a manual mode, a picoammeter 
with analog output compatible with the strip chart recorder is adequate. The Keithley 480 
digital picoammeter chosen for this set-up also provides a digital readout of the current 
for visual data gathering, if desired. As discussed in the next section, the meter can 
also be easily read by a computer. 

The disadvantages of the manual technique include the tedious nature of the process of 
picking numbers off the chart, time consumption, and increases in the chance for error. 
The many advantages of automating this technique are apparent. 


Advantages of Automatton 


With the use of an SEM computer control system the manual linescan technique described 
above can be completly automated. The computer can then read a digital picoammeter easily, 
accurately, and quickly. The values are easily stored in computer memory to be manipulated 
as desired. For instance, the logarithm of the current readings can be derived by one com- 
puter program line and then tabulated or plotted on a CRT display or on a digital plotter 
and stored on a floppy disk. This method saves much time and improves accuracy by elimi- 
nating the many chances for human error inherent in the manual method. Measurement re- 
peatability is also improved. 

Digital beam control is used to position the beam accurately in known discrete steps, 
which allows a much more accurate digitized line scan to be plotted. This procedure is 
much more accurate than the manual analog technique which incorporates error in the scan 
speed measurement and additional error in the chart speed (depending on the quality of the 
recorder). With the automated approach, the operator can readily specify the distance be- 
tween data points and the dwell time for each measurement that is appropriate for the par- 
ticular device under study. This feature is important for a system designed to be used on 
all photovoltaic materials. For example, very different scales are used for direct-gap as 
opposed to indirect-gap materials. 

Other advantages of an automated measurement are computer-controlled electron beam- 
current regulation to within + 0.1%/hr and computer-controlled beam blanking to minimize 
beam damage on the specimen. One also has the option of moving a motorized stage in known 
increments with respect to a fixed beam, to allow very long linescans without introducing 
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beam divergence problems. 


Spectfies of the System 


The basic EBIC automation system has been designed for a CAMECA MBX electron probe mi- 
croanalyzer (EPMA), equipped with a Tracor Northern TN-2000 automation package with digital 
beam control. The normal function of the TN-2000 system is to provide a computer-generated, 
digital, external input to the scan generator and to control the imaging of an SEM to facil- 
itate x-ray mapping or image analysis. The overall EBIC system has been designed for maxi- 
mum flexibility and, as discussed below, has been extended toa JEOL 35C. This exten- 
sion represents the ease with which the system can be modified for use on an SEM or EPMA 
from another manufacturer. The approach could likewise be extended for use with other auto- 
mation systems, as long as a digital beam control system is available. (The software would 
have to be rewritten in the appropriate language.) This extension is currently under in- 
vestigation for use with an Ortec EDS II system with Image Master option, for which the 
language ORACL is used. 

The TN-2000 system is based on a Digital Equipment Corporation (DEC) PDP 11/23 computer 
with 64K of core memory. Included are Data Systems DSD 440 dual floppy diskette mass stor- 
age system, a DEC LA120 Decwriter III high-speed teletype for hardcopy output, and a Hewlett 
Packard 7221B four pen digital plotter for graphics output. 

The TN-2000 controls the following functions on the EPMA: 


Beam scanning coils. 

Faraday cup insertion for beam-current measurement or beam blanking. 
Fast beam blanking via blanking coils. 

Stage motion via stepping motor drives in X, Y, and Z directions. 
Beam current selection (from a user-defined table of 64 currents). 
Beam current regulation and measurement. 

All x-ray spectrometers and associated hardware. 
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By monitoring the current from a beam regulation aperature, the computer continuously 
adjusts the condenser lens current and keeps the beam current constant. 

Using a "CUP" command, the computer places a movable Faraday cup into the beam path. 
The Keithley picoammeter measures the cup current directly and an ADC reads the analog out- 
put of the picoammeter. A scaler is used to count the pulses for visual readout. The 
beam current is now measured and stored into the software for future reference. The Fara- 
day cup also acts as the beam blanking device most effectively since it is physically lo- 
cated below the beam regulation aperture and therefore does not affect the beam regulation 
when it is positioned and removed repeatably. 

It is sometimes desirable to have very fast (< 1 us) beam blanking capabilities. This 
goal is best accomplished by the installation of blanking coils to deflect the electron 
beam just after the anode. Uses for this type of blanking include lifetime studies based 
on short-circuit current, or EBIC, decay and the obtaining of very low (i.e., less than one 
sun equivalent) injection levels. A serious problem is encountered when the beam blanking 
coils are used in conjunction with the beam current regulation. When the beam is blanked, 
the regulation system responds to the loss of beam current by opening up the condensor 
lens all the way. When the blanking coils are turned off, the beam is very intense and 
the regulation system adjusts the condensor lens current until the present current is meas- 
ured on the regulation aperture. The problem, however, is that the condensor lens is now 
on the wrong side of crossover, which results in an erratic, unfocused beam. These prob- 
lems could be overcome by injection of a constant signal to the regulation system during 
blanking and holding the condensor lens current constant until the beam is restored and 
allowed to stabilize. This approach would allow operation in a regulated mode for time- 
resolved EBIC (TREBIC) studies. 

The software has been written to allow us to define the beam scan digitally by telling 
the computer the start point, the end point (within a viewing frame at a given magnifica- 
tion), and the distance to step between each data point depending upon the desired resolu- 
tion. The computer then steps the beam as defined and counts the current at each data 
point. A variant is to keep the beam stationary and move the stage in given increments 
in a given direction. In this case, the resolution is limited to 1 um whereas the reso- 
lution for the digital beam case is only limited to whole increments of CRT picture points 
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(4095 by 4095 picture points horizontally and vertically across the CRT). It is desirable 
to use the stage-scan mode in the case of low magnifications to keep the solid angle of 
the scanning beam to a minimum. 

This system has several advantages. The electron beam current is controlled very 
tightly to prevent induced current fluctuations and there is significant flexibility in 
controlling the linescan such that an induced current can be measured specifically for a 
given time for a digitally known location. This arrangement provides much greater accuracy 
than using a continuous linescan since a continuous linescan case assumes a zero response 
time of the device specimen which is not always valid. Accuracy, repeatability, and 
throughput are clearly significantly improved. 


Software 


THe software is based on the Tracor Northern system and is written in the Flextran? 
computer language. When EBIC is executed, variable space is allocated, utility libraries 
are loaded, and the program prompts with "EBIC.'" It then waits for a command entry. 

A detailed description of the EBIC command follows. The function, form, and an ex- 
ample are given. In the examples, portions underlined indicate human input and a + indi- 
cates a carriage return. Notes are enclosed within parentheses and are written in small 
characters. 


EBIC 


Function: Sets up parameters, collects data from linescan, stores data on disk, and 
plots linescan data on plotter if desired. 

There are three choices of how the data are to be manipulated: (1) plot the data after 
line data are obtained, (2) plot data stored on disk, and (3) store the data on disk and 
then plot the data. In all cases, the data are displayed on the CRT prior to hard plot- 
ting, which allows the operator to observe or scrap and remeasure the data without waiting 
for a hard plot. Each of the three cases will now be treated individually. Plot scales 
are in Ipptc VS microns. 


1. Plot Data 

For this case, the live data are simply plotted without being stored on disk. The 
linescan parameters (step size and magnification) as previously set are displayed. The 
STEP SIZE in microns is the distance between data points, also given in digital beam co- 
ordinate units as POINTS with microns between coordinate points specified. The working 
magnification is given as MAG. One then has the option of changing any of these parameters 
or simply leaving them as they are. For example, the parameters may be as follows: 


STEP SIZE = 10.000 UM = 10 POINTS (1 UM/POINT) 
MAG = 1.00 KX 
OK? 


If no is the answer to OK, the magnification in KX is requested anda number of coordinate 
points between data points. The number of coordinate points between data points is used 
because the beam can only be moved in integer increments of coordinate points. The dis- 
tance between coordinate points is calculated from the given magnification and displayed 
so that the micron distance between data points can be easily figured. If a return is the 
answer to a question, that particular parameter is not changed. Example: 


MAG (KX) = ? + (Mag stays at 1000X) 
SCALE FACTOR = 0.017908 UM/POINT 
# POINTS/STEP = 10 + 


The next question is "NEW LINE?" If no is the answer, the previous coordinates of the 
starting and ending points of the linescan are used. If yes, the starting and ending 
points of the line scan can be defined by use of the cursor controlled by a joystick. The 
coordinates of each point are set and displayed when the white button on the joystick is 
pressed. Once set, the space bar is pressed to begin the linescan. The data appear on 
the CRT with one data point per channel as the linescan is in progress. Once the linescan 
has finished, the program asks if the linescan should be hard plotted or not. If no is 
answered, the "EBIC'' prompt is returned. If yes is answered, a plot label is asked for, 
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which is typed across the top of the plot and can be up to 25 characters. The pen numbers 
desired for the axes and the plot is then entered. The program then asks if a Least Square 
Fit is desired. If yes, the X coordinate values of two points, between which the slope or 
inverse slope is desired, is entered. For "X--VALUE PT #1" enter the micron value of one 
point and the same for PT #2. The slope of the fitted curve between the two given points 
is displayed. The effective diffusion length Leff, which is simply the inverse of the 
slope, is calculated and displayed. One then has the option of printing either the slope 
or the diffusion length or neither on the plot. The pen is manually positioned to the de- 
sired location. The end points of the slope are measured and are aiso plotted by circles. 
The operator can repeat this slope measurement as many times as desired by answering Y to 
"ANOTHER?" i. 

Labels can be printed in any color and in any location on the plot if one gives the 
answer Y to "PLOT LABELS?" The label (up to 25 characters) and pen number are entered, 
the pen positioned to the desired location and then ENTER is pressed on the HP plotter to 
print the label. 

There are three options at this point. (1) If a new plot is desired, enter RET. (2) 
If one wants to return to the EBIC prompt, enter 2. (3) If one wants a plot to be made on 
the same axis at the same scale enter 1. The previous procedure for "PLOT DATA" is just 
repeated, only with new data. If the new data are to be plotted on the previous axis and 
they go off scale, the display states that the data are off scale and returns to the three 
choices of new plot, EBIC, or plot on same axis. The data can then be retaken with an ad- 
justment made to the hardware to allow the data to fall within scale. An alternative is 
to plot the data with the largest scale first. 


2. Data from Disk 

The program first asks "DATA FILE # TO BE PLOTTED = ?'. The desired file # is entered. 
The data from that file are brought into memory and displayed on the CRT. The remainder 
of the procedure is identical to the Plot Data case. 


3. Store Then Plot 

This option begins in the same manner as the Plot Data option. After receiving the 
answer Y to the "PLOT?" question, the program asks what file number the data should be 
stored as onto the disk in drive 1. If the file # designated is already used, the program 
says "FILE # XXX IS USED OK?.'"' If Y is entered, file XXX is replaced. If N, another file 
# is asked for. A file label can then be entered (up to 20 characters) and the data are 
transferred to disk with the entered label. The remainder of the procedure is the same as 
option l. 


Form: E(BIC) 
Example: EBIC: EBIC + 
1 = (PLOT DATA) 2 = (DATA FROM DISK) RET = (STORE THEN PLOT) ETC. 


A complete listing and discription of the software is available from the authors. 


Extenston of EBIC on MBX 


Some additions have been made to EBIC to extend capabilities and convenience. Hard- 
ware and software extensions were needed for the additions. 

In come instances it is desirable to maintain a normally incident beam to the sample 
at all times, which one can do by maintaining the beam in a constant position and scanning 
the sample stage with respect to the beam. The limitation here is that the stage can only 
be moved in lym units and not less than lum. 

One can set up a number of linescans on one or several samples by defining all at once 
the stage and beam coordinates for desired linescan positions. EBIC then consecutively 
performs the linescans and stores the results on disk without human intervention. EBIC, 
upon completion, would then turn off the tungsten filament. The data are plotted later 
at a convenient time. 

An EDS acquisition can currently be performed from EBIC by a call for the appropriate 
Flex module, The '>' symbol preceding a command means the command is a Flex module. 
Therefore, EDS acquisition can be performed from EBIC. This arrangement can be set up in 
the multiple line scan mode to take an EDS acquisition during each linescan. 

WDS analysis is most easily performed from 'TASK,' an automated WDS analysis program. 
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From TASK, EBIC can be loaded into the auxiliary program area of TASK, which allows any of 
the EBIC commands to be performed as well as any of the TASK commands. 

With the aid of a computer, it is possible to measure and record the induced current 
with respect to specific digital beam coordinates over an entire raster scan. With the 
Tracor Northern Spectra-Chrome 512 color monitor and Tracor Northern Image Processing pro- 
gram up to eight colors can be used to assign to selected current value ranges to produce 
color induced current maps. That adds a more quantitative feature to the usual gray-scale 
EBIC image. Using a color mode for display, one can chose either linear or logarithmic 
scales for color display. 

The automated EBIC system has been modified to be used on a JEOL 35C equiped with an 
identical Tracor Northern TN-2000 system. The modification mainly involved removing com- 
mands from EBIC that did not apply. The following features on the Cameca MBX were not 
available on the 35C: 


1. Stepping motor drive X, Y, and Z stage. 
2. Computer-controlled beam current regulation. 


Because of these deficiencies, a few EBIC commands are not applicable. These commands 
were simply removed from the program for use on the JEOL system. 


App licattons 


The system described is currently in routine use on both the CAMECA MBX and JEOL 35C 
systems at the Solar Energy Research Institute. The system has been used extensively for 
measurement of the electrical properties, especially grain boundary effective surface re- 
combination velocity, of grain boundaries in polycrystalline silicon.* Another common use 
involves fracturing finished devices and taking EBIC data of the cross section. This use 
has been applied, for example, to the study of the CulnSe» thin film solar cell.* In gen- 
eral, the automated EBIC system is very versatile and aids in the measurement of many 
localized electrical effects in electronic devices and materials. 
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CHARACTERIZATION OF NICKEL-BASE SUPERALLOY SINGLE CRYSTALS BY ELECTRON CHANNELING CONTRAST 
J. M. Walsh, K. P. Gumz, and D. M. Shah 


A major advance in materials technology for advanced gas turbine engines has been the 
development of superalloy single-crystal high-pressure turbine airfoils.’ ° Elimination 
of grain boundaries prohibits component intergranular cracking. The elimination of grain 
boundaries also permits greater flexibility in alloy design in that it is no longer 
necessary to add grain boundary strengthening elements such as carbon, boron, zirconium, 
or hafnium. Elimination of these elements can result in an increase in the melting 

point of the alloy and can also have a positive impact on strength potential. These 
crystals are typically grown with [001] parallel to the major stress axis of the part 

and are normally oriented by the Laue method to assure uniformity of properties from 

part to part. Electron channeling contrast has been found to be useful for characterizing 
certain aspects of the growth and processing behavior of these crystals that are not 
clearly revealed by other techniques. The physics of electron channeling contrast has 
been discussed at length at previous MAS and EMSA meetings, but the emphasis in this paper 
is on the practical engineering application of the technique. 

One area where channeling contrast has been effectively applied has been in 
establishing the nature of the subgrain structure that develops in these alloys. The 
optical micrograph in Fig. l(a) shows the dendritic structure of Alloy 454 single-crystal 
superalloy in the heavily etched condition, but the existence or extent of a subgrain 
structure is not clear. A backscattered electron channeling micrograph of the same area 
(Fig. 1b) clearly shows a subgrain structure with considerable contrast between adjacent 
subgrains and, in fact, indicates that the subgrain size coincides exactly with the 
primary dendrite size. The subgrain boundary established by channeling contrast is shown 
as a dotted line overlay on Fig. l(a). Backscattered electron channeling diffraction 


(a) (b) 


FIG. 1.--(a) Optical micrograph of Alloy 454; (b) backscattered electron channeling 
micrograph of Alloy 454. 


The authors are with the Materials Engineering and Research Laboratory, Pratt § 
Whitney Aircraft, Middletown, CT 06457. 
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patterns (BSE-CDP) taken on both sides of these subgrains indicate misorientations of 
the order of 1-2°. Misorientations of this order can result in large contrast differ- 
ences (Fig. 1b) as the channeling micrograph is sensitive to very small changes in 
orientation. 

Since the BSE-CDP imaging is dynamic in nature, it presents some interesting 
possibilities for the rapid real-time surveying of a large area of specimen for crystal- 
lographic orientation and substructure. By observing the BSE-CDP on the CRT while 
translating the specimen beneath the electron beam, the analyst can establish the 
location of boundaries by the appearance of a double pattern. Figure 2(a) gives a 
channeling micrograph for an experimental] superalloy crystal; Fig. 2(b) gives the double 
BSE-CDP observed while this material is scanned. 

Because channeling contrast can image the substructure of the alloy so clearly, 
it has been found to be useful in studying the effect of heat treatment on substructure. 
Figure 3 shows several examples of subgrain boundary motion in a modified Mar M-200 
superalloy crystal as a result of 4 hr exposure at 1232°C. The curved segments of the 
boundary (e.g., AB, BC) indicate movement of the boundary in the direction of the arrow 
with pinning occurring at sites A, B, and C (Fig. 3a). The channeling micrograph of 


fa 


(a 


FIG. 2.--(a) Backscattered electron channeling micrograph of experimental superalloy 
crystal; (b) backscattered electron channeling diffraction pattern observed during 


scanning crystal shown in (a). 


Fig. 3(b) shows a case where a small segment of the boundary is pinned by a micropore while 
the remainder of the boundary is swept about 10 um beyond the micropore. This observa- 
tion has interesting implications, since it provides a way of evaluating the effects of 
additives on subgrain boundary migration. 

Electron channeling contrast is also helpful in studying interface behavior in 
these alloy systems. Figure 4 shows an example of a single crystal superalloy (right 
side) bonded to a polycrystalline superalloy (left side) by a transient liquid phase 
(TLPTM) process. An intermediate zone of about 100 ym develops at the interface that 
contains multiple grains or subgrains. BSE-CDPs obtained from the individually defined 
grains or subgrains in this zone all showed the (100) pole and were always within 1-2° 
of the orientation of the single-crystal substrate, whereas the material to the left 
of this zone showed a randomly oriented structure. These observations suggest that 
during the bonding cycle, the existing liquid phase may grow epitaxially from the 
single-crystal alloy to form the approximately 100 um-thick single-crystal interaction 
zone with a detectable grain boundary present only on the left side of this zone. Figure 
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(a) 


(b) 


FIG. 3.--Backscattered electron channeling micrographs of modified Mar M-200 crystals 
showing evidence of subgrain boundaries that have migrated. 


FIG. 4.--Backscattered electron 
channeling micrograph of single- 
crystal superalloy (right) bonded 

to polycrystalline superalloy (left). 
Note subgrain zone at interface. 


5 shows an interfacial condition that devel- 
oped upon TLP™ bonding two Alloy 454 single 
crystals. BSE-CDPs were taken at the loca- 
tions indicated and the orientations at the 
various locations were plotted on the unit 
stereographic channeling map shown in Fig. 
5(b). The orientation of the single crystal 
material on both sides of the bond was 
essentially the same and very close to (100), 
whereas the grains in the interface were 
randomly oriented and far from (100). It 
was subsequently established that this apparent 
recrystallization condition could be re- 
produced by a deliberate working of the sur- 
face of the single-crystal alloy prior to 
bonding. 

In summary, backscattered electron 
channeling contrast and channeling patterns 
provide useful information on the nature and 
extent of subgrain structure in superalloy 
single crystals. The dynamic nature of this 
type of imaging, coupled with the ability to get 
conveniently microstructural and crystal orien- 
tation information from the same region at 
relatively high magnifications, make these 
techniques especially powerful. 
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FIG. 5.--(a) Optical micrograph showing interface structure resulting from the bonding 
of two superalloy crystals; (b) stereographic channeling map showing orientations 
established at various locations in (a). 
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INCREASED BEAM BRIGHTNESS IN A JEOL JSM-35 MICROSCOPE 
R. C. Piercy 


Some of our recent work has been on carbon-carbon composites. These materials are very in- 
efficient producers of both secondary and backscattered electrons, which makes examination 
difficult with an electron beam of normal intensity. Some examining is done at relatively 
high magnifications, so that the degradation of resolution that would accompany decreasing 
the condenser lens current is not acceptable. Using a different condenser lens polepiece 
and a different style of tungsten filament, we have achieved a 6-fold increase in specimen 
current at standard operating conditions, a 4-fold increase at minimum beam conditions and 
a 150-fold increase at maximum conditions. These increases have been achieved with very 
little, if any, decrease in resolution. The modifications, the operating conditions, and 
their advantages and disadvantages will be discussed. 

The materials to be examined are carbon-carbon composites composed of graphitic carbon 
fibers, glassy carbon char, and chemically vapor-deposited microcrystalline carbon. Each 
sample is one half of the friction couple of a research-scale aircraft brake in the course 
of testing. Their surfaces must not be changed in any way as they go back to further test- 
ing after the SEM examination, so that coating the surfaces is not permissible. 

The JSM-35 emphasizes resolution over beam brightness, a problem with polished metallur- 
gical specimens and carbon specimens. With these types of samples visual examination at 
rapid scan rates is impossible because of the snow. Photographic exposure is recommended 
as 100 s, again to minimize the snow. Some examinations on these samples are done at 
10 000-20 000 times magnification, so that an increase in beam brightness by a simple open- 
ing of the condenser lens is out of the question. Other means to achieve this increase had 


to be found. 
Early attempts to correct the problem ascertained that this was not a malfunction; modi- 


fications were necessary. Since the filament load current was normal it appeared that at 
least part of the problem was in the lenses. The first modification was to replace the nor- 
mal condenser lens polepiece with the polepiece from a JEOL U-2 microscope. The location 
of the pole piece is shown in Fig. 1. The two parts are shown side-by-side for comparison 
in Fig. 2. Several differences are obvious. The bore in the U-2 polepiece is larger, the 
hole in the aperture is larger, and the U-2 polepiece has no mounting plate and is shorter. 
Before this polepiece could be used a brass mounting adapter had to be machined to hold the 
polepiece in the column in the correct position. 

Besides the different polepiece, a pointed tungsten filament was substituted for the 
normal one; Fig. 3 shows the very fine tip welded on to the filament. The result acts like 
a cross between a normal filament and a thermionically assisted field-emission filament. 

The improvement can be seen in Fig. 4. Figure 4(a) is for the standard filament and 
polepiece at 35 kV, bias 3 (which results in a filament load current of 125 uA), 240 um fi- 
nal aperture, condenser lens at 5 o'clock (5:00), with a 25s exposure; Fig. 4(b) is for 
nearly identical conditions but with a pointed filament and the U-2 polepiece; and likewise 
for Figs. 4(c) (bias 9, filament load current 45 uA) and Fig. 4(d) (final aperture 100 um). 
Even though the conditions in Fig. 4{d) are much more severe than in Fig. 4(a), the former 
image is clearly superior. 

The change in the signal-to-noise ratio is obvious visually but it was also measured 
photographically (Fig. 5). The upper curve represents a line scan taken under conditions 
similar to those of Fig. 4(a), the lower curve under conditions similar to Fig. 4(b). The 
measured signal-to-noise ratios are 2.6:1 and 14.3:1,a 5.5-fold improvement. 


Author Robert C. Piercy is at The Bendix Corporation, Aircraft Brake and Strut Division, 
3520 West Westmoor St., South Bend, IN 46624. 
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CONDENSER LENS [| | 


FIG. 1.--Cross section of column of JEOL JSM-35 shows location of polepiece. 
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U-2 POLEPIECE JS5M-35 POLEPIECE 


Mounting Plate and Bottom Section 


Spray Aperture Holder 


Top Section 


FIG. 2.--Disassembled polepieces. U-2 (left) and JSM-35 (right). 


Table 1 shows the results of a series of specimen 
current measurements taken under a large number of 
conditions. The specimen was a flat piece of carbon- 
carbon composite. Carbon was used to keep the back- 
scattered and secondary electron emissions as low as 
possible so that the specimen current would be rea- 
sonably similar to the beam current since a Faraday 
cup was not available to allow measurement of the 
beam current directly. With approximately the same 
filament emission current there is in most cases 5-to 
10-fold increase in the beam current, except for the 
first and sixth conditions. The maximum beam current 
is 2 yA, about 150 times greater the original value. 

A comparison of columns 2 and 3 shows that each 
of the changes contributes approximately the same 
amount of the beam-current increase; and a further 
comparison with column 4 shows that from line 9 down 
the specimen current with both modifications is ap- 
proximately equal to the sum of the currents with 
each modification. The U-2 polepiece, with its larg- 
er bore, can collect and focus more beam electrons, 
but the focusing action of the condenser lens might be 
somewhat reduced and resolution might suffer. 

The increase in beam current that results from 
the pointed filaments is due in part to the enhanced 
emission characteristics of the point, in part to a 
FIG. 3.--Photomicrograph of pointed different electron density distribution in the beam, 
filament showing tip welded onto which would explain the much larger beam currents 
main filament. when the condenser lens current is very low. 

Figure 6 is another measure of the contribution of the polepiece. The higher current 
is indicated by the separation of the curves. The maximum specimen current is about 15 
times higher because the specimen current peaks at a higher condenser lens current for the 
JSM-35 polepiece than for the U-2 polepiece. Moreover, the specimen current drops more 
slowly with increasing condenser lens current. Most users of this microscope have probably 
already found that after the 1:00 position of the condenser lens current setting there is 
almost no further effect on the image. With the U-2 polepiece-, however, .there is usable 
control right to the 5:00 position. 
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These advantages are offset by some disadvantages. With the larger-bore polepiece 
there is a slight loss of resolution. Figure 7 is a photomicrograph of a gold-coated 
cracked carbon sample; the original photo was at 60 000x. Despite the larger-bore pole- 
piece the resolution is still better than 10 nm; measurements put it at about 6-7 nm. The 
photographic exposure time again was only 25 s. 

Even more significant are two other disadvantages: determination of the saturation 
point for these filaments is moredifferent than for normal ones, and they are more diffi- 
cult to align. In the normal filament, there is a gradual rise to a false peak, a drop, 
and then a rise to a plateau; whereas with the pointed filaments there is a series of suc- 
cessively higher peaks but no plateau (Fig. 8), so that one can easily melt a filament in 
looking for saturation. The trick is to note the position of the filament current control 
at which the normal filaments saturate and then operateon the last false peak before that 
point. (The term "false peak'' is used because that is what it resembles, although it may 
not originate from the same mechanism.) The third curve shows that even with the bias 
dropped to provide a greater load current, the normal JEOL filament does not provide as 
bright a beam as does the pointed filament. 


(a) (b) 


(d) 


(c) 


FIG. 4.--Photomicrograph of AI-W alloy: (a) with standard polepiece and standard filament, 
bias 3, 240 um final aperture, 25 s exposure, original magnification 30 000x; (b).same with 
U-2 polepiece and pointed filament substituted; (c) same as (b) but with bias 9; (d) same 
as (c) but with final aperture 100 um. 
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TABLE 1.--Effect of SEM modifications on specimen current (as measured on carbon sample). 
Specimen Current 
Pole Piece and Filament Used | Operating Conditions 


| | | ! Condenser 
Filament: JEOL | JEOL | Pointed | Pointed Lens 


Min. 
12:00 
9:30 
12:00 
5:00 


fet fd peed pet pd 


9:30 
12:00 
9:30 
12:00 
5:00 


3 
3 
3 
3 
3 


9:30 
12:00 
9:30 
12:00 
5:00 


ANA AO 


9:30 
12:00 
9:30 
12:00 
5:00 
9:30 
12:00 
5:00 
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ited for microscopes used by large numbers of peo- 
ple. The chances are just too great that a good number of filaments would be meited. They 
are considerably more expensive than normal filaments but if used carefully in a microscope 
with a good vacuum, a normal lifetime can be expected. In our microscope, with the two op- 
erators, most last 20-50 hr, and some last 50-100 hr. 

The second major disadvantage is the instability of alignment. With normal filaments 
it is sufficient to have the filament centered in the hole of the Wehnelt cap. With these 
filaments it is necessary to have the fine tip centered. Since it is not visible to the 
naked eye and is not always centered on the main tip, some experimenting is sometimes nec- 
essary but most of the time centering the visible tip is sufficient. Once centered, the 
alignment has a tendency to drift, especially during the first hour or so of operation, 
probably owing to wandering of the fine tip. After that first hour, the alignment is fair- 
ly stable but should still be checked fairly frequently. 

These disadvantages may sound intimidating but are more than offset by the five-fold in- 
crease in the S/N ratio. Any JEOL JSM-35 user who is having problems with noisy images and 
who is reasonably careful and confident would benefit from this pair of changes. Where 
there are many users but the absolute maximum in resolution is not needed, use of the U-2 
polepiece is indicated. Anybody who has to do trace analysis with a wavelength-dispersive 
spectrometer on a JEOL JSM-35 will certainly benefit from having perhaps as much as 2 uA of 
beam current. 

Users of other JEOL microscopes may be able to use the U-2 polepiece as well. The only 
way to find out whether an improvement results (assuming it fits physically) is to try it 
in the microscope. Users of other makes of microscopes would probably benefit from using 
the pointed filaments even if only for problem samples such as polished metallurgical spec- 
imens. Experiments with bored-out condenser lens polepieces will be left to only the most 
adventurous. 
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FIG. 5.--Line scan showing signal-to-noise ratios for 
SEM in original condition (top) and with modifications 


(below). 


FIG. 7.--Photomicrograph of gold-coated 
cracked-carbon resolution standard, 
with U-2 polepiece and pointed fila- 
ments; bias 3, 240 um final aperture, 
25 s exposure; original magnification 
60 000~x. 
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FIG. 6.--Specimen current vs 
condenser lens setting for SEM 
with pointed filaments and two 
different polepieces; bias 3, 
240 um final aperture. 
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ment at bias 1 and bias 6 and for 
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THE APPLICATION OF SCANNING ELECTRON MICROSCOPY AND ULTRAVIOLET FLUORESCENCE TO A 
STUDY OF CHATTANOOGA SHALE SPECIMENS* 


L. A. Harris, O. C. Kopp, and R. S. Crouse 

Pyrite (FeS2) is a common mineral in organic-rich sedimentary rocks.!’* Numerous studies 
have been performed to determine the relationship between pyrite and organic matter in 
these rocks. Most investigators agree on certain aspects of pyrite formation. Notably 
that sulfate-reducing bacteria were necessary to produce the dissolved sulfur for sub- 
sequent reactions with iron in minerals or solution. * However, the thesis that pyrite 
framboids were formed as replacements within the micro-organisms either during their 
lifetime or upon their death has not received the same broad acceptance. 

Recently, the authors had opportunity to study a set of samples from the Dowellton 
and Gassaway members of the Chattanooga shale, one of the better known organic-rich 
formations of North America. Most of the previous studies relating pyrite to organic 
matter relied heavily on chemical analyses, x-ray diffraction, and optical microscopy. 
Of these analytical methods, only microscopy permitted a study of phase relationships; 
however, the fine-grained nature of shales precludes reliable microstructural analyses 
by optical microscopy. In the present study, ultraviolet light fluorescence and 
scanning electron microscopy have been used to investigate the interrelationships of 
the phases in the shale specimens. Backscattered electron imaging, energy dispersive 
x-ray analyses, and electron-beam microprobe analyses served as complementary tech- 
niques for identifying minerals and enhancing the contrast between phases. 


Sample Preparation 


Samples were obtained from large blocks of shale by cutting sections both normal 
and parallel to the bedding. The samples were set in epoxy mounts and polished by 
standard metallographic techniques. Caution was exercised in not backfilling the 
samples with epoxy, to eliminate any fluorescence contribution from the epoxy. Samples 
viewed in the electron microscopy were coated with carbon only. 


Presentation and Discusston of Observations 


A qualitative optical examination of polished surfaces of several Chattanooga shale 
specimens clearly showed a positive correlation between the mineral pyrite and organic 
constitutents. Ultraviolet light fluorescence microscopy of these same specimens 
revealed intense fluorescent emissions from the irradiated organic constituents (Fig. 1). 
This technique permitted us to distinguish more clearly between organic and inorganic 
constituents within the shale microstructure. Pyrite framboids enclosed within organic 
entities appeared to be a common feature in these specimens. 

The fluorescent intensities observed for the above organic constituents appeared to 
be much stronger than fluorescent emissions obtained from exinite macerals in high 
volatile bituminous coals which are younger in age than the Chattanooga shale. Differ- 
ences in the fluorescent character of the organic constituents in shales and coals may 
be due to at least two factors: first, the source of the organic matter (i.e., whether 
marine or terrestrial), and second, the packing of the organic constituents in relatively 
impermeable sediments such as shales might impede the structural and chemical changes 


Authors Harris and Crouse are at the Metals and Ceramics Division, Oak Ridge National 
Laboratory, Oak Ridge, TN 37830; author Kopp is at the Department of Geological Sciences, 
University of Tennessee, Knoxville, TN 37996-1410. This research was sponsored by the 
Division of Basic Energy Sciences, U. S. Department of Energy under Contract W-7405- 
eng-26 with the Union Carbide Corp. 
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that organic constitutents normally undergo during coalification. 

Backscattered electron imaging of identical shale specimens showed pyrite framboids 
surrounded by organic constituents such as shown in Fig. 2. X-ray microanalyses of 
slected regions of the above microstructure revealed only iron and sulfur in the fram- 
boids (Fig. 3a), whereas the minerals surrounding the organic solid (Fig. 3b) consisted 
primarily of elements associated with clay minerals. Weak peaks recorded for titanium 


FIG. 1.--Uitraviolet light fluorescence FIG. 2.--Pyrite framboids surrounded by 
microscopy of Chattanooga Shale shows organic material. Backscattered electron 
emission from irradiated organic image. 

constituents. 
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FIG. 3.--Energy-dispersive x-ray spectra of selected areas shown in Fig. 2: (a) taken 
from framboid shows only S and Fe; (b) from material around organic solid, primarily 
elements of clay material; and (c) from organic solid shows S peak with mineral elements 
excited by penetrating electron beam. 


and calcium could indicate the presence of rutile (Ti02) and calcite (CaCO3), respec- 
tively, or these elements could be substituting for elements within the clay structure. 
This may be especially true of titanium, which is known to substitute for aluminum 
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in clay minerals.” 

The x-ray spectrum presented in Fig. 3(c) is typical of the energy spectra obtained 
from several locations within the organic constituent. In addition to the peaks asso- 
ciated with the elements found in clay minerals, a sulfur peak was recorded. The pres- 
ence of the x-ray spectrum for clay minerals from the organic material is attributed 
to the penetration of the electron beam through the organic body and its subsequent 
exciting of the minerals below the surface. However, the strong sulfur peak without 
any comparable iron peak (from the organic material) suggests the presence of organic 
sulfur in the maceral. These findings were corroborated by additional analyses of 
other organic constituents throughout the specimens. In each of the subsequent x-ray 
analyses, sulfur peaks were associated with the organic entities; iron was not detected. 

The observed positive correlation between pyrite and organic constituents is 
doubtless not fortuitous. However, in this study no direct evidence was obtained that 
corroborated the thesis that pyrite framboids are due to replacements in microorganisms. 
Indeed, if that premise were correct we would have expected to observe organic struc- 
tures within the framboids. Since no organic materials were observed within the framboid 
structures it must be concluded that the growth mechanism of pyrite framboids was not 
a replacement process. Suggestions that the internal organic structure of framboids has 
been removed via wear or dissolution are not consistent with observations of organic 
constituent in coal, where they are found to be relatively tough and resistant to wear. 

In addition to the syngenetic pyrite framboids that were found to be associated with 
the organic constituents, several occurrences of epigenetic sphalerite (zinc sulfide) 
were observed. One such example of epigenetic sphalerite growth is shown in Fig. 4.. 
Iron and zinc x-ray maps shown in Figs. 5 and 6, respectively, distinguish between the 
two minerals. The sphalerite was apparently formed (at a more recent geological time 
than the pyrite) by the reaction of zinc, carried in percolating ground waters, with the 
preexisting pyrite.® Note that even though the organic constituents surrounding the 
sulfides contained sulfur, there does not appear to be any sphalerite crystallization 
other than that observed on the pyrite surface. This observation suggests that or- 
ganically bound sulfur does not react readily with zinc carried in ground waters. This 
result may be due to a considerably physico-chemical change from the early stages of 
diagenesis in which anaerobic conditions prevailed to the more oxidizing conditions 
that are prevalent in recent times with ground water. 

Finally, shales are typically a "potpourri" of minerals. Figure 7 illustrates this 
observation. For example the pyrite framboid (PY) is adjacent to a titanium-rich 
mineral (R), probably rutile, and slightly further along the central section of the 
organic body a quartz (QZ) fragment is located. The location of a variety of minerals 
within a collapsed exinite in the shale is similar to observations made of sporinite in 
coal. It is worth noting that the quartz and rutile are considered as detrital minerals 
washed into the sedimentary basin, whereas pyrite framboids are believed to be due to 
tn sttu growth during early diagenesis. 


Conelustons 


Microanalytical techniques such as SEM, EDX, and EMA have been shown to be ideal in 
determining the "host" phases of the minor and trace elements in the Chattanooga shale. 
Positive correlations were found between pyrite and organic constituents. However, these 
observations provided no evidence that micro-organisms acted as hosts for pyrite’ 
framboids. It is interesting that appreciable organic sulfur is still present, which 
suggests that the sulfur used for the formation of pyrite must have been derived mostly 
from other sources. It may be that the sulfate-reducing bacteria had an affinity for 
organic matter and that the organic fragments acted as substrates for pyrite growth. 
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FIG. 4.--Backscattered electron image of FIG. 5.--X-ray dot map of Fe from field 
pyrite framboid surrounded by sphaelrite. in Fig. 4. 


FIG. 6.--X-ray dot map of Zn from field FIG. 7.--Backscattered electron image showing 
in Fig. 4. variety of constituents in Chattanooga Shale 
specimen. 


468 


K, F, J. Heinrich, Ed., Microbeam Analysis — 1982 
Copyright © 1982 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800 


POSSIBILITIES FOR THE USE OF ELECTRON SPIN POLARIZATION IN SCANNING ELECTRON MICROSCOPY 
R. J. Celotta and D. T. Pierce 


No use has been made to date of the intrinsic magnetic moment of the electron in scanning 
electron microscopy, with good reason: methods for orienting or detecting the orientation 
of the free electron's moment have traditionally been cumbersome and inefficient. Since 
the technology for the production’ and detection”’* of polarized electrons has improved 
dramatically recently, the time seems appropriate to consider more seriously the possi- 
bility of a "polarized electron microscope." 

Electron beams are polarized when there is a net orientation of their intrinsic mag- 
netic moments or spins. The degree of polarization of a beam is P = (ny -n )/(ny +n,); 
where n, and n, are the numbers of electrons with spins pointing parallé1 and ant{parai - 
lel, respectively, to a preferred direction. Spins are randomly oriented in beams formed 
by conventional means; it is not possible to align the spins by passing the beam 
through macroscopic electric or magnetic fields. The production or detection of elec- 
tron polarization is generally accomplished through the use of a spin-dependent emis- 
sion or scattering process. Electron beams may have their polarization axis parallel 
to their momentum direction (longitudinal polarization) or at right angles to it 
(transverse polarization). 

The two spin-dependent interactions’ of greatest importance are the spin-orbit inter- 
action and the exchange interaction. The first arises in the interaction between the 
magnetic moment of an incident electron and the magnetic field present in that electron's 
rest frame due to its motion in the rapidly changing electric field of the ion core. 

This interaction is strongest for large-angle scattering from high-Z targets and can 
be very spin selective. For example, for specular scattering from tungsten crystals 
at an energy of 72 eV and a scattering angle of 150° the cross section for electrons 
with spins parallel to the scattering plane normal is six times that of electrons with 
oppositely directed spins! ® 

The exchange interaction occurs because electrons must obey the exclusion principle; 
they cannot occupy exactly the same state. This limitation has the effect of producing 
a different scattering cross section when a spin-up, rather than spin-down, incident 
electron scatters from a target with a net spin-up orientation. In electron-atom 
scattering, this effect would be observed in a polarized-electron, polarized-hydrogen 
experiment; for solids, scattering polarized electrons from a ferromagnetic material. 
would demonstrate® the effect. 

A somewhat obvious consequence of these two effects causing spin-dependent cross 
sections is the production of polarized beams from initially unpolarized beams. Since 
an unpolarized beam can be thought of as an equal mixture of two 100%, oppositely 
polarized beams and a spin-dependent scattering process scatters one component pre- 
ferentially, it follows that the scattered beam is polarized. Hence, one can observe 
a spin dependence in electron scattering either by monitoring the polarization of a 
scattered, initially unpolarized beam, or by measuring the change in the intensity of 
the scattered beam when the polarization direction of an initially polarized beam is 
changed. 

Although in scanning electron microscopy the spin-orbit effect might be used to 
emphasize scattering from high-Z materials, we shall concentrate our discussion on the 
application of electron polarization to imaging magnetic materials. Here use could be 
made of the fact that the exchange scattering depends on the local net spin density in 
the target, i.e,, the local magnetic ordering. Three methods exist for using polariza- 
tion to produce magnetic contrast. First, the incident beam could be polarized, which 
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would give rise to intensity variations in the elastically backscattered electrons as 
the beam scans through regions of varying magnetic strength or orientation. Second, a 
conventional primary beam could be used and variations in the polarization of the 
elastically scattered electrons could be monitored. Third, a conventional primary 
beam could be used with polarization analysis of the low-energy secondary electrons 
providing the contrast mechanism. 

The first method requires a suitable source of polarized electrons, which could be 
either the GaAs photoemission source !*’ or the EuS field emission source. }? 8 

The GaAs photocathode produces 20 uA of current per milliwatt of incident 800nm 
radiation. If circularly polarized light is used the resulting electron beam is 43% 
polarized in the direction of the incident light, with the direction of polarization 
reversible by reversal of the circular polarization of the light. Thus, one obtains 
a beam of constant current but with a polarization that can be reversed at a con- 
venient frequency such that phase-sensitive detection can be used to isolate sensi- 
tively the spin-dependent part of the scattering signal. Little has been done to date 
toward the design a high-brigthness version of the GaAs source, although use of a 
finely focused light beam should make such a device possible. 

The EuS field-emission source is based on the spin dependence of the internal 
barrier to emission in a EuS coating on a W field-emission tip. A high polarization 
(85%) transverse to the emission direction is produced in addition to high brightness. 
Polarization reversal is less easily accomplished; the tip must be heated and then 
cooled to below 16.6°K in a transverse orienting magnetic field. 

The second and third methods for electron spin polarization contrast in scanning 
electron microscopy require a spin polarization analyzer. Two types of polarization 
detector might be considered for use in an electron "polarization" microscope. Both 
are based on the spin-orbit scattering effect described above. In the Mott detector, 
electrons are accelerated to an energy of 100-120 keV and scattered from a thin gold 
foil. A difference in signal between those scattered to the right and left is a 
measure of the polarization normal to the scattering plane. A fully polarized beam 
would typically give rise to a right-left asymmetry of +20%. The scattering is weak, 
however, so that only 10 * of the incident signal can be collected with large solid 
angle detection. Alternatively, low-energy scattering, e.g., 150 eV, from a high-Z 
single cyrstal, can be used??? in exactly the same way. Here the scattered signal is 
collimated by the diffraction process and smaller detectors can be utilized. The 
efficiency of this type of detector is equivalent to that of the Mott type and the fact 
that no high voltages are needed is a significant experimental simplification. On the 
other hand this detector, along with the GaAs and field emission sources, needs a 
clean, 10° ° Torr vacuum for operation. 

Of these three contrast mechanisms, our current knowledge suggests that the last, 
polarization analysis of the secondary electrons, has the greatest promise. Both theory 
and experiment” suggest that the exchange interaction would provide vanishingly small 
contrast for the electron energies typically used in electron microscopy. Application 
of the first two techniques would probably be limited to incident energies below 1 keV. 
Recent experimental work? has shown that the low-energy secondaries emitted from ferro- 
magnets possess a polarization characteristic of the material. This finding suggests 
the use of a conventional SEM system augmented by polarization analysis of energy- 
selected secondary electrons to produce a picture of the magnetization of the outer 
20-30 A of the magnetic domains. The result would be a mapping with a resolution set by 
the incident beam interaction and giving at each point both the degree and direction of 
the magnetization. Work is currently under way in our laboratory to test the feasibility 
and usefulness of such a device. 
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Computer-assisted Microanalysis 


OPERATION OF A MICROCOMPUTER-BASED MULTICHANNEL ANALYZER WITH ENERGY-DISPERSIVE DETECTORS 
D. Hale, John C. Russ, and D. E. Leyden 


As the cost of computers and memory has decreased, more and more analytical instruments 
have either incorporated them alongside more traditional dedicated data-collection de- 
vices, or replaced as much as possible of the original instrument designs by the computer. 
This statement has been strongly true for multichannel analyzers as used for energy- 
dispersive x-ray analysis by Si(1i) or other detectors. Several standard commercial 
systems now use the computer, generally a 16-bit LSI-11 or equivalent machine, to store 
the data. There is still a great diversity in the amount of data collection and the 
creation of user displays carricd out by dedicated hardware or by a general-purpose 
computer with a specially written program. The former approach has the advantage of 
speed since it is often possible for several actions to take place simultaneously; the 
latter has the advantage of low cost and flexibility to add or change functions without 
alterations in the physical configuration of the instrument. 

We have followed the latter path, using a general purpose microcomputer (Apple II+) 
with 48K bytes of memory. The standard machine incorporates a user keyboard of the 
familiar typewriter sort, a video display usable for graphics or text displays, the 
central processor and memory, and an interface bus with multiple card slots. We are 
using these slots for many different purposes, as reported in several accompanying papers. 
For our purposes here, only three are important: (1) a disk controller which handles two 
Sin. floppy-disk drives, each with 143 K bytes of storage, (2) a printer interface which 
can print either text (letters and numbers) or any graphics image drawn on the video 
screen, to a dot matrix printer (of either the thermai or impact variety), and (3) a 
special-purpose pulse-measuring analog to digital converter (ADC) designed to measure 
amplified pulses from energy dispersive detectors. The modular ADC card has been de- 
scribed previously;’ it is similar in function to ones used in larger "conventional" 
MCAs, but built onto a single, modular printed circuit card (Fig. 1). 


FIG. 1.--Modular ADC card and its position installed in Apple computer. 


D. Hale is at the Nucleus, Oak Ridge, Tenn., J. C. Russ, at North Carolina State 
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Data Colleetton 


The ADC card detects an incoming pulse, measures it to obtain a numerical value 
representing the pulse height, and makes the value (a number, from 0 to 2047 in the 11 
bit version of the ADC) available to the processor via the interface bus. It also 
incorporates a live-time clock which is gated off during the conversion process within 
the card, and by an externally supplied signal from an amplifier that incorporates pulse 
pile-up rejection. It is then the responsibility of the microprocessor, working under 
control of a data-acquisition program, to make use of the numeric information supplied. 

For simple spectrum acquisition, the process is the same as it would be in any MCA. 
The number representing the height of the pulse is used as an address into a block of 
memory set aside by the program for spectrum stograge, and the contents of the "channel" 
thus addressed are incremented by one. Processing many such numbers (many x rays) pro- 
duces a spectrum of the usual sort. Because the memory used is in no way different from 
the rest of the computer's memory, different data-acquisition program can allocate dif- 
ferent memory ranges or different amounts of memory. For electron-excited x-ray micro- 
analysis on an SEM, where total counts are rarely very large and high-energy elements 
are difficult to excite, we generally use a 1024-channel memory and 2 bytes per channel. 
This configuration can store a maximum of 65 535 counts in each channel and provide 
20 eV per channel coverage, for instance from 0 to 20 keV. On the other hand, for x- 
ray photon excitation, particularly at higher energies, or for gamma ray work, a 2048- 
channel spectrum with 3 bytes per channel (giving over 16 million counts) is more suit- 
able. In some other situations, as we shall see, the spectrum as such is not stored, 
but counts for particular elements are totalled and stored in memory as a function of 
time, or for comparison to other stored values for alloy sorting. 

Even for conventional spectrum acquisition different options are possible. It is the 
central processor that must act to carry out the data storage and the creation of the 
graphics display of the stored spectrum along with various labels and markers, and res- 
pong to the user's commands from the keyboard. Which should have the highest priority? 
Normally we would agree that the storage of data is the most vital function, but we also 
want to see the spectrum grow before our eyes. 

The normal "Analyze" routine is a program that draws and redraws the display, respond- 
ing to user commands to change the vertical scale up or down, expand or contract the dis- 
play, or move it horizontally. This process is interrupted whenever the ADC signals that 
it has data available, and a very short (and fast) "interrupt service routine" reads the 
valve and increments memory. User commands come from the normal computer keyboard, and 
Since no specialiy labelled control buttons are provided, we have chosen mnemonic codes 
for each function (A = Analyze, C = Clear, and so forth). During the time required to 
store away the count, the main program (icing the drawing) is halted. At very high count 
rates (> 10 000 cps) this procedure results in a visible hesitation in the updating of the 
display, but at most normal count rates it suffers no drawbacks. 

For extremely high data-acquisition rates, another strategy can be used. In this 
mode of operation the main program spends all of its normal time waiting for the ADC card 
to have data ready, which it then uses to increment memory. This process takes less than 
half the time of the interrupt service routine described above, and can thus handle higher 
count rates (provided the amplifier time constant is short enough so that pulse pile-up 
does not cause all these pulses to be rejected). The display is updated each second of 
live time, when the ADC card signals the processor to add one to the elapsed live time, 
and to decrement any preset time counter being used. This once-per-second update produces 
a discontinuous display that is nonetheless rather comfortable to use, since the data 
remain without flicker on the screen until updated again. The time needed to redraw 
the display adds about 5% dead time to the measurement process. Even higher acquisition 
rates are possible if it is not necessary to store or draw the entire spectrum, and only 
totals for a few elements need be tallied. 


Spectrum Display Modes 


The Apple computer has a built-in graphics display that provides 280 horizontal by 192 
vertical dots, each represented by a bit in memory (the entire display thus takes about 
8K bytes) which can be turned on (white) or off (black) by the program. Various color 
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combinations are also possible, at somewhat reduced resolution, but the spectrum display 
modes haye been restricted to black and white for greatest sharpness. To draw the spec- 
trum onto the display requires a vertical scale, which normally starts at 192 counts full 
scale and goes up by factors of 2 to any value needed to exceed the maximum contents of 
a channel. The horizontal range can be devoted to any 256-channel segment, with every 
channel showing, or to larger numbers of channels (512, 1024, 2048) with selection of 
every second, fourth, or eighth channel (the same way that most conventional MCAs using 
TV displays with a vertical raster scan function). What that means is that users can 
change the horizontal and vertical scales, and slew, expand, or contract the spectrum, 
just as they would a "hardware"~based MCA display. The normal spectrum display mode is 
white on a black background (Fig. 2). Another spectrum can be superimposed, recalled 
from disk storage. (More than 40 spectra can be stored on one side of one diskette, each 
with its calibration, live time, and list of identified elements.) The second spectrum 
is shown as dots either white on black or black on white (Fig. 3). Since each spectrum 
is stored with its energy calibration, the overlaid spectrum can be recorded at a differ- 
ent calibration from the primary one, and the dot positions will accurately line up peaks 
at the same energies. It is also possible to vary the relative vertical scales of the 
two spectra, or to add or subtract one from the other which provides a limited form of 
stripping to handle peak overlaps. 

It is also possible to superimpose various markers onto the spectrum. A "bug" can 
be moved by the user with a knob attached to a potentiometer or joystick (a standard Apple 
input device), to read out channel number, energy, and channel counts (Fig. 4). Also, 
markers can be superimposed for a complete set of 5 K, 11 L, and 5 M lines (all the lines 
with at least 1% relative intensity from available tables), each with heights appropriate 
to the selected element (Fig. 5). These markers can be positioned vertically by the user, 
and can be rapidly advanced through the periodic table by use of the <- and -> keys on 
the keyboard, until a match is found. Elements whose presence is confirmed by the user 
(by pressing the + key) are added to a list of up to 16 elements which are saved with the 
spectrum and available for subsequent quantitative-analysis programs. 

Within the data-acquisition programs is also a routine to verify the energy calibra- 
tion of the spectrum. Unlike most other MCAs, ours permits any calibration (electron 
volts per channel and zero settings), and obtains it by the user marking the approximate 
location of two major peaks in the spectrum and entering their energies. Parabolas are 
then fitted to determine the true centroids, and the gain and zero are calculated and 
sorted. The system, once calibrated, is generally stable within a few electron volts for 
long periods of time (weeks) except during system warmup. This method is easier for most 
users than trying to adjust amplifier controls to achieve exact calibration, and is much 
less prone to slight miscalibration creeping into the spectra. It is quite compatible 
with the graphics display format of the Apple, though it would be less so for most con- 
ventional raster-scanned MCAs, which is probably why it is not used as much as fixed 
calibration. All the quanitative software (described elsewhere) uses the calibration 
data stored with each spectrum. 


Elemental Windows or Regtons of Interest 


Using the aforementioned potentiometer or joystick inputs, the user can position 
markers to indicate energy windows that correspond to selected elements (or background 
regions). The counts in such regions can be totalled and the total displayed on the 
screen during analysis as pulses suitable for x-ray mapping with the SEM are generated 
at a rear panel connector. This method provides conventional mapping capability, and 
the updating total indicates the number of dots recorded on the film. Line scans in 
which the count rate in the energy window is converted to a voltage and used to produce 
a Y-modulated trace on the SEM are also provided. Unlike systems that use an analog 
ratemeter to accomplish this result, ours simply counts the pulses within the computer 
for each period of time and then uses a DAC to produce the corresponding voltage while 
the pulses are counted for the next time interval. This “digital ratemeter" technique 
is made especially simple in this sytem since we already employ an interface card with 
multiple DACs for SEM beam control, and one is available for producing the display 
Signal. 
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FIG. 3.--Overlay of pure nickel spectrum 
on one recoreded from stainless steel. 

It can be vertically scaled to match peak 
height and subtracted. 


FIG. 2.--Spect 
showing scale settings, and 256 or 1024 
channel display modes. Sample is complex 7 
ceramic. FIG. 4.- 


-"Bug"" is positioned by user to read 
out energy and channel contents. 


In addition to live-display line scans, the system can store digital intensity pro- 
files, normally for four energy windows (elements and/or background) at a time, for 256 
points across the sample as the beam is scanned either by the SEM's scan generator or by 
the DAC card. Programming for other numbers of elements or points can be straightforwardly 
implemented, but we have chosen this method as it allows the data to be stored in the same 
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FIG. 5.--Extensive KLM markers, with heights adjusted for each element, are shown on 
spectrum and used to identify elements present. 


memory space as normally used for a spectrum, (Since the ADC card produces digital 
addresses for each pulse, rather than store all of them, we just total those which fall 
into the various energy windows set by the user.) During data acquisition the video 
screen is used to produce a multiple bar-chart ratemeter display. These profiles can 
also be stored on disk for subsequent examination or analysis. 


Memory Configuratton 


The data-collection programs, graphics display memory, the spectrum itself (and 
possibly a second one displayed in comparison), and the computer operating system (which 
allows it to read and write data from the disks, run the printer, and generally to func- 
tion) all fit easily into the 48K memory of the standard computer. Another 4K is used 
for memory mapping of the various peripherals, which appear to the processor as memory 
addresses that can be read from or written to. The final 12K bytes of the processor's 
available address space is filled by an extended Basic interpreter in read-only memory 
(ROM), which is available for programs that access the data for various quantitative 
computations. 

The programs lescribed here are in machine language for speed, as this is an important 
factor for live acquisition and display of spectra. However, they are all written as 
self-contained subroutines, which facilitates combining them with other programs, or in 
unusual combinations, to accomplish specific needs. When the spectrum data, graphics 
display subroutines, and all system support and language interpreter are in memory, about 
25K bytes remains for Basic programs to access the data. This amount can be increased 
to 35K at modest cost in additional memory. Furthermore, many larger programs can be 
segmented and "chained" to carry out sequential operations, so that quite substantial 
programs can be realistically executed in the system. 


Expertence with Vartous Detectors 


Spectra of x-rays and gamma rays from a variety of sources, obtained with a variety 
of detectors, have confirmed the broad suitability of this computer-based MCA for many 
different applications. In addition to electron-excited spectra obtained with Si(Li) 
detectors, we have also used radioisotopes and low-power x-ray tubes to excite larger 
sample areas. As shown in Fig. 6 the background is lower, as would be expected due to 
the absence of bremsstrahlung generation in the samples. With Ge(Li) and high-purity 
germanium detectors, or thallium-activated sodium iodide detectors, spectra of high- 
energy gamma rays from radioisotopes can be recorded (Fig. 7). They require somewhat 
different programs for peak identification than do x-ray spectra. However, linear least- 
squares fitting of spectral components is still a common method for deconvolution. 

Finally, current tests are under way with mercuric iodide detectors.* They have 
energy resolution somewhat inferior to Si(Li) detectors in the low-energy (up to 
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FIG. 6.--Excited by x-rays, this stainless FIG. 7.--Gamma ray spectrum (portion of 
stell spectrum has very low background. 2048 channels) from Cs and Co, taken with 
a Ge detector. 


20-40keV) range, but do not require cooling with liquid nitrogen. The advent of room 
temperature detectors will make it possible to solve many practical problems of detector 
placement without the limitation of the bulky dewar, and also is expected to open many 
industrial and remote applications for energy-dispersive analysis. The flexibility of 
the small computer-based system we have described, unconstrained by specially designed 
logic circuits for data collection or display, and the access of programs written in 
high level languages to the data, makes adaptation of this system to these new areas of 
application as they develop straightforward. 
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PROCESSING X-RAY SPECTRA, DATA, AND LINE SCANS IN A "PERSONAL" COMPUTER 
John C. Russ 


Limtts of Mtcrocomputers 


The use of a microcomputer with a specially designed pulse-measuring analog-to-digital 
converter (ADC) to collect energy dispersive x-ray spectra is described in an accompanying 
paper. This combination provides very straightforward, low-cost data acquisition. Be- 
cause the ADC has interrupt capability, it is possible for the microcomputer to carry on 
some independent tasks while collecting data, but because the interface card has no DMA 
(direct memory access), it is still the responsibility of the program and the central 
processor (a single-chip, model 6502, 8-bit microprocessor) to serve the ADC and store the 
data. Some computer based multichannel analyzers do give the ADC enough intelligence, 
in dedicated logic circuits and access to the memory used for spectrum storage, to enable 
a spectrum to be accumulated without any involvement of the main processor. We have 
chosen not to use this approach for the ADC, although it is actually used for some other 
peripherals such as high-speed disk drives for the same computer, because it can limit 
the flexibility of the system. For instance, we can allocate a spectrum storage region 
of any size (from 256 to 2048 channels) and any number of counts per channel. Different 
programs for electron-excited and x-ray fluorescence application use 65536 (2 bytes) and 
16 million (3 bytes), respectively. Also, the storage area can be moved anywhere in the 
main memory of the computer, which with the advent of additional memory boards permitting 
as much as 320K bytes in the same microcomputer opens more interesting possibilities for 
multiple spectrum storage without resort to writing the data onto disk. 

The program and processor in our system also creates the graphics display, which is 
facilitated by the built-in 280 x 92 point video graphics screen display, which can be 
shown at will instead of or in combination with the normal text display. Nevertheless, 
reading each channel's contents, converting the value to the height of the line which 
should be drawn (depending on the selections for vertical and horizontal scale settings), 
and turning on the bits that correspond to white points (and off those which correspond 
to black), is done entirely by the program and processor. This arrangement contrasts 
sharply with those of virtually all larger computer-based multichannel analyzers, which 
employ extensive circuits to generate their displays, some even with a separate processor 
in addition to the main one. Again the advantage of one approach totally based on soft- 
ware is that it is possible to introduce new display modes with no change in the hardware; 
the penalty is that of processing time. 

In fact, while collecting an energy dispersive x-ray spectrum at moderately high 
count rates, i.e., over 10 000 cps, which would correspond to a moderately high dead time 
in most amplifiers used with Si(Li) detectors, the microprocessor in our system is fully 
occupied with serving the ADC interrupts, refreshing the display screen to give a true 
live display of the growing spectrum, and placing on the screen some calculated informa- 
tion about scale settings, and other markers. Under those conditions it is not practical 
to consider having any ''real" computing, such as peak or background fitting on previously 
acquired spectra or quantitative calculations for other sets of intensity data, in con- 
current operation. 

The hallmark of the "personal" microcomputers is that they are generally limited to 
one thing at a time. (That is not strictly true, as they do support multiple interrupts 
and some foreground-background capability, but the only tasks that can really co-exist with 
extensive mathematical computation are simple ones such as spooling of characters to a 
printer, monitoring of clocks and external security systems, and so forth, rather than the 
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acquisition of data at high rates.) Consequently, we shall limit this discussion of 
practical forms of data processing to programs that are run after the data have been 
acquired. Most often they are either loaded from disk to replace the data collection 
program, with the data remaining in place in memory; or they load the data, usually a 
spectrum, from disk storage back into memory. Intermediate results may sometimes be 
passed from one portion of a large program to another, by chaining, or saved on disk for 
future use by one of several programs. 


Languages 


The data-acquisition and display programs mentioned above are all written in machine 
language (or in some cases compiled from high-level languages). Their machine language 
execution is of course essential because of the speed needed for these operations. Ina 
discussion of the various steps of data processing, it is practical to consider several 
languages for routine use. The Apple computer is capable of being programmed in Basic, 
Fortran, Pascal, and several specialized languages such as Forth (a stack oriented 
language developed originally for instrument control) and Cobol (a well-known business 
language). Fortran is a popular scientific data-processing language, which is available 
only as a compiler. What that means is that several steps of porgram entry using the 
high-level language, its translation to machine level instructions, and the combination 
of those instructions with other program fragments (including the mathematics libraries) 
are needed to produce a program that can be "run." 

Basic, on the other hand, is most often encountered as an interpreted language. That 
means that the program, in its high-level language, is stored in memory and each command, 
variable, and value are translated into machine language instructions as the program is 
actually execured. This process allows constant access to the program, for ease of 
changing it or adding extra statements, but the need to translate the instructions each 
time they are encountered slows down the execution time. Except for this difference, there 
is actually very little structural difference between Fortran and Basic, in contrast to 
languages like Pascal and Algol, which have more of a "building-block" structure that 
emphasizes the creation of small procedures for each program step, and the final assem- 
blage of many such blocks into the final program. These programs are also generally 
compiled rather than interpreted. 

Compiled languages have one advantage for the developer of language (and possible 
disadvantage for the user) in that the original program (the "source code'') need not be 
supplied with the system. It is practically impossible to decipher the final, compiled 
machine language program that actually carries out the calculations to see what its intent 
is, or how it goes about what it does. That is all very well if the program is perfectly 
"debugged" and the user does not care to know what algorithms it uses, but the history of 
programs used for electron microanalysis suggests that many users do want access to the 
source code. Basic, or any interpreted language, automatically provides this access, 
along with the ability to alter the programs, introduce different models, add additional 
output, or delete unwanted portions, and so on. 

The best of both worlds would seem to be a language that could be run interpretively 
to develop programs, and to allow access to the source, but which could also be compiled 
to produce high-speed execution and when necessary to protect against idle tampering with 
a running program. Fortunately, this solution has become practical. For many personal 
computers, it is now possible to use a Basic compiler, which takes a Basic program that 
has been running (and debugged) by use of the normal interpreter, and translates it into 
machine code instructions that can then be run as a stand-alone program without the inter- 
preter. The typical speed improvement is 3-10 times, depending on the type of program 
and extent of floating-point arithmetic (which is speeded up least). All the programs 
described here can be run interpretively, as for instance when they are to be modified for 
a particular purpose, or may be compiled into machine language for speed. 


Spectrum Processing 


Linear least-squares fitting of library spectra stored on disk,’ or of spectra synthe- 
sized from modified Gaussian shapes for each of the lines for a given element,” is the 
principal method for deconvoluting spectral overlaps and obtaining net elemental intensi- 
ties. The least-squares fitting procedure is carried out by matrix inversion to solve the 
the simultaneous equations for the relative height of each component. The spectral 
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components can be sections of measured spectra, with or without prior background removal 
by linear or quadratic interpolation between user-designated points, and with optional 
"filtering" or differentiation using a convolution function. Alternately, the generated 
spectra can be previously stored on disk, or generated as needed. The program includes 
the ability to calculate the energy and relative height to within 2 eV and 1% relative 
height, as compared to standard tables, for all 5 K-shell, 11 L-shell, and 5 M-shell lines 
which have more than 1% intensity relative to the principal alpha-1 line for the shell. 
This procedure ignores variations in peak height ratios due to differential absorption in 
the sample, and so is not superior to the fitting of stored spectra. Alternately, the 
height of each emission line for the element can be allowed to vary independently, as a 
separate component of the fit. 

This fitting procedure can handle up to 8 components (either individual lines or com- 
plete elemental signatures) covering up to 256 channels (one quarter of the normal 1024- 
channel spectrum) at a time. A series of such fits covering each group of elemental lines 
bracketed by designated background points automatically produces a list of total elemental 
sheli intensities for all of the elements in the spectrum that have been previously iden- 
tified by means of the KLM marker lines (which are generated by the same energy and height 
algorithm previously mentioned). The fitted spectral components can be displayed for com- 
parison to the original (Fig. 1). This program and method are quite comparable in flexi- 
bility, accuracy, and overall performance with those employed in larger systems. 

As the answers are identical, it is there- 
fore interesting to compare speed. Computing 
all the lines for a selected element, for 
instance to produce the KLM marker lines, 
takes about 2 s in interpreted Basic, and 
about 0.2 s when compiled. Generating the 
complete spectrum for fitting takes up to 
12 s (interpreted), and solving the matrix 
inversion to get net intensities another 20 s 
if all eight components are present. Con- 
sequently, use of stored spectra is faster 
than use of generated spectra, since loading 
times from disk are about 6 s per spectrum. 

To process a spectrum completely in 4 or 5 
segments, for 12 elements, takes about 1 min 
(compiled), which is definitely longer than a 
comparable program running in, for instance, 
an LSI-11/23 with hardwared math package (an 
option available for the Apple, but not in- 
corporated in our system), but not out of 
proportion to the data-collection time or 

the needs of our laboratory for data through- 
out. The final data are stored as elemental 
intensities in a disk file, for use by the 
various quantitative correction programs. 


ZAF and Other Quantitative Programs 


The normal quantitative program used 
is a version of Frame,’ which has been ex- 
tended by the addition of no-standards terms 
to compute the expected pure element 
intensity for each element. It also 
handles oxygen by stoichiometry. For a 
12-element oxide system in which many FIG. 1.--Least-squares fit of library Fe, 


fluorescence terms are present, the pro- Cr. Ni, and Mn spectra to measured stain- 
gram takes 2.5 min. It reads the in- less steel spectrum. Display shows, 
tensities from the disk file created by superimposed, original, fitted sum of 
spectrum stripping and writes the answers components, and Cr and Mn peaks which com- 
(in weight, atomic, and oxide percent) to bine to form principal overlap. 


disk for subsequent recall. As an alternative, 
the Frame-C method, which does not require previous spectrum processing and iteratively 
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computes the peak overlaps and spectrum background 
as functions of composition, along with the ZAF 
er ess ffects, is also available. This is the lar- 
8398 «Baa 1. fem gest program used, as many additions and enhance- 
go a | have been added. In interpreted Basic, 
ee ee ee ee) for a complex 8-element system, this process 
Per ee ain bee hc) (rte requires more than 10 min. Compilation reduces 
Ce Be | the execution time to 3.5 min. Another ZAF me- 
f thod, which requires two sets of intensity data 
| taken at different accelerating voltages, but 
- =™does not require the user to measure or estimate 
FIG. 2.--ZAF results from applica- the x-ray takeoff angle from his sample,” 


E 


di im ae 


takes 
tion of modified Frame-C program less than 2 min for a 6-element system. We 
to a stainless steel. consider all these times acceptable for routine 


work, Results are displayed on the video screen 
(Fig. 2) and can be printed or saved on disk. 

In addition to the ZAF programs, there are several other quantitative and semi-quan- 
titative elemental ratios® without standards and without correction for absorption and 
fluorescence (essentially the relative K-ratios for the elements, as they would be passed 
to a ZAF program). The net intensities are obtained above a background interpolated from 
three measured points, using a shape based on Kramers' law, with an additional empirical 
low-energy term. Calculated elemental overlap factors are used to handle peak overlaps. 
The accuracy is only semiquantitative for bulk samples, but better for thin sections 
(where the pure-element intensity terms are calculated differently, and absorption and 
fluorescence are not so important. For particulate or rough samples, the peak-to-local 
background ratio is used instead of net intensity. The elemental ratios are calculated 
in about 5 s and then renormalized to total 100% when the list is ended. This method is 
extremely versatile and fast for comparative analysis of many points. 

For thin sections, the Hall or peak-to-background method’ and the Cliff-Lorimer or 
ratio method® are both provided. These methods accept data from standards, which are 
stored on disk and used to compute the correction factors as needed. The computations 
are trivial and the time essentially that needed to read the files (a few seconds). 
Other more specialized models, including Bence-Albee, ” are also available. There is 
also a program to compare the current spectrum in memory to all of the spectra stored 
on a floppy disk (up to 44 will fit on one side of a Sin. floppy) to find which match 
most closely. This process uses chi-squared matching and takes about 20 s per spectrum 
(6 s to read the file back from the disk). The best five spectra are reported, in order 
of goodness of fit. . 

All the quantitative programs write their results into disk files and also display 
them on the screen. These results can then be recalled to construct plots as shown in 
Fig. 3, either in the form of pie (circle) or bar (histogram) charts. The computer's 
graphics display capability is well suited to this type of presentation, as well as for 


Fe Cr Ni Mn 


ATOMIC. 


FIG. 3.--Graphic representations of computed concentration results from ZAF and other 
programs. 
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calibration curves and other plots. All graphics displays, including spectra, can. be 
printed out on either a thermal or impact dot-matrix printer, for permanent storage. 


Utiltty and Tutorial Programs 


As an aid to teaching users about the physics of x-ray production, we have included 
several programs that operate off line and make extensive use of the graphics capability 
of the microcomputer. These programs include a simplified multiple scattering Monte 
Carlo model,'® which permits any incidence angle and sample thickness to be entered 
(and could easily be modified for other geometric conditions). Electron trajectories 
are plotted at the rate of a few hundred per hour, along with the locations of genera- 
ted x rays. These plots (Fig. 4) give a useful pictorial representation, and in addi- 
tion the depth distribution of x-ray generation $(pz) is accumulated for plotting, and 
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the energy aistriburion of electrons high leave by penetration or backscattering is 
shown. Another utility program computes ¢(oz) curves by use of analytic functions’? for 
any composition matrix, draws them on the screen for the generated and emitted x rays 
(Fig. 5), and reports the depths from which 50 and 90% of the emitted x rays come, for 

a given takeoff angle. Another program applies ZAF and no-standards calculations to 
predict and graph the variation in elemental intensities as a function of the surface 
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tilt angle (Fig. 6). Still other programs display the periodic table and allow access 
to an extensive database of "handbook" values about the elements; perform conversions 
between atomic, weight, oxide, and formula representations of concentration; compute x - 
ray takeoff angles in the SEM; and generally serve to handle the miscellaneous functions 
we find useful in our laboratory. 


FIG. 5.--$¢(o9z) depth distribution curve for FIG. 6.--Computed intensity variations for 
generated (solid line) and emitted (dashed Al, Ca, and Fe in a complex oxide, as a 
line) x rays of Al (upper curves) and Ti in function of surface tilt angle. 

a ceramic. 


Line Seans 


As described in another paper, one of the ways we can use the ADC cards data is to 
acquire "digital line scans" for multiple elements. These scans are fully digital 
(unlike systems which define the energy band with analog discriminators), which is one 
of the advantages of the completely general approach possible with the minimal hardware 
restraint and total software-based flexibility of this system. Also, since the computer 
has in it digital-to-analog converters to control the SEM beam scan, one can collect 
data free from count rate or dead-time effects, by basing the beam advance on the 
elapsed live time signal from the ADC board. 

Normally we accumulate line scans as sequences of 256 points across the sample, for 
four elements at a time. (Practically any other combination could also be programmed, 
as needed.) The counts for each element are saved in one quarter of the normal 1024 
channel memory used for spectra, and thus easily saved on disk in the same space 
reserved for a spectrum. To redisplay these data, either after collection or at any 
later time, it is possible for the user to type in from the keyboard any arithmetic 
expression in terms of the four elements, ended with the return key, to specify the 
display. This could range from something as simple as 2,return (which just displays the 
profile for element number 2) to something as complex as (3-2)/(4-1), return which, pro- 
vided that windows 2 and 1 are backgrounds for windows set on elements 3 and 4, gives 
the ratio of net intensities of the two elements. Other possibilities, including 
1/(1+2+3+4), the normalized intensity for element 1, or (1-2)/2, the net elemental peak 
to background ratio to compensate for surface topography or density differences, 
illustrate the power of the method.’? Figure 7 shows some examples. Each profile is 
automatically scaled to fit the display screen, and after plotting can be printed out 
as well. 

If intensities have been measured at a regular array of points, the two-dimensional 
data set can be plotted in either isometric or contour map display (Fig. 8). A pseudo- 
color display which codes intensity as color and plots maps of the surface is also pro- 
vided. Again, arithmetic combinations of the individual elements are permitted. These 
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FIG. 8.--Isometric and countour map displays 
of two-dimensional x-ray intensity data. 


combinations are often useful as supplements 
to normal dot-map x-ray scans (which are 
available with the normal data acquisition 
program), having lower spatial resolution 
(the maximum resolution of our beam control 
DACs is 256 X 256, aithough we rarely use 
more than 40 =< 40 for multipoint measure- 
ment) but much greater sensitivity to varia- 
tions in intensity, and better statistics 

at each point to permit smaller variations 


. ee = : to be seen. And of course, since the data 
FIG. 7,-~Examples of arithmetically are stored, endless manipulation to find the 
combined stored multi-element line combination of elements that really charac- 
scans across complex ceramic. terizes the sample is possible. 


Other techniques, including the automatic analysis of many points and subsequent 
cluster analysis of the data to find phases, are also supported, but reported elsewhere. 


Cone lustons 


It is not the purpose of this paper simply to catalog all the various data-processing 
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programs that we have adapted to the microcomputer we use to collect energy-dispersive 
x-ray spectra. Many of these programs are essentially identical to those found in 
larger machines, and have been well reported in the literature. Instead, we wish to 
point out the practicality of using them in a microcomputer, the advantages of adding 
the extensive graphics readouts, and the desirability of allowing user access to the 
source program. The last is useful whether or not the operator ever indeed modifies 

or adds to it, as it allows the operator to study it for better understanding of the 
methods used, and to help uncover any errors that reside, well hidden, in even the most 
thoroughly tested programs, waiting for the right combination of factors to arise. 

All the programs described run, along with the 1024-channel spectrum and the high- 
resolution display software, in a 64-Kbyte Apple II+ computer. If the interpreted 
Basic (rather than compiled) programs are used for quantitative computations, they will 
run in a 48-Kbyte machine. 

The chief penalty of this approach is time. Not so much the execution time of the 
individual routines, which though slower than larger 16-bit minicomputers is generally 
adequate for our laboratory needs, but the inability to carry out multiple tasks at once. 
Our microcomputer is interfaced to collect energy-dispersive x-ray spectra, to control 
a WD spectrometer, to control the electron beam scan position, and to collect images 
and measure feature size and shape, either from graphics tablet or video (raster-scan) 
input. In addition, it maintains records on our SEM users and prepares their monthly 
bills, and functions as a word processor. But it can only do one of these jobs at a 
time. It appears that the most economical solution to this problem may not be a larger 
multitasking minicomputer, but multiple micros. 
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RUNNING WAVELENGTH DISPERSIVE X-RAY SPECTROMETERS WITH A MICROCOMPUTER 
W. D. Stewart and John C. Russ 


Until very recently, most conventional wavelength-dispersive x-ray spectrometry, on ei- 
ther electron microprobes or x-ray fluorescence systems, was carried out by essentially 
manual methods. Qualitative analysis was performed by scanning at uniform speed (with 
motor drive) over a range of angles of interest, while a strip-chart recorder plotted 
the voltage output from a ratemeter connected to the pulse-amplifying nucleonics. 
Specific counts for an element of interest were obtained by positioning of the gonio- 
meter (by hand) at the peak count position, and counting for a preset time. Sometimes 
(by no means always) additional counts were then taken off the peak to obtain a back- 
ground count, which might then be deadtime corrected and possibly submitted to a remote 
computer by punch cards or a time-share terminal for ZAF or other correction procedures. 

With the advent of minicomputers and their incorporation within most modern energy- 
dispersive x-ray systems, which are likely to be mounted on the same microprobe, there 
has been a steady trend toward more automated control of the WD spectrometer. This 
trend has encouraged manufacturers of WD spectrometers to design them suitably for 
stepping-motor-controlled crystal position (two theta angle) as well as including pro- 
vision for remote selection of crystal, slit, and so forth. 

Controlling the WD spectrometer and counting the x-ray pulses requires several 
different types of programs, for different purposes: rapid scan routines, with auto- 
matic peak recognition, to cover large angle ranges quickly for qualitative analysis; 
programs to slew quickly to a series of predetermined angles corresponding to elements 
of interest, to count for present times for quantitative analysis; and slow step-scans 
over smaller angular ranges for valence shift or other similar studies. 

Because small vertical displacement of the sample surface shifts the angular posi- 
tion of the crystal and detector for a given peak, in addition to any misalignment of 
the spectrometer, it is usually wise to incorporate a peak-seeking algorithm into the 
software for quantitative counting. This process can be carried out on every peak and 
every sample, or just for the peaks on the standard(s), with the same position values 
remembered for use with the unknowns. The latter method would be preferred if the 
elements were present at trace concentration levels in the unknowns, so that the peaks 
would have no clear maxima. Peak seeking is usually done by step scanning in a coarse 
pattern (20-30 steps) across the region containing the peak, fitting a parabola to the 
data to find the maximum, and then counting at that maximum. When counts are taken 
in this way for quantitative work, separate background counts on either side of the 
peak are obtained and an interpolation performed to subtract the background from under 
the peak. Also, dead-time corrections are applied to the intensity data, which are then 
stored on disk for future use by a correction program (ZAF, calibration curve, re- 
gression, or other). 

When rapid qualitative scans are being performed, either the count rate is moni- 
tored during a very coarse, short counting time-step scan to spot increases which call 
for a slower and finer set of steps, or a series of short scans are performed over the 
peak positions corresponding to the principal lines of a large but not unlimited number 
of possible elements of interest. The latter method will still miss unexpected ele- 
ments, but is better than the former for detecting the presence of trace peaks which 
might be missed altogether by the first technique. The scans can be displayed or printed 
out, to show graphically the presence or absence of measurable amounts of the elements, 


Author Stewart is at Dapple Systems, Box 2160, Sunnyvale, Calif.; author Russ, at the 
Engineering Research Division of North Carolina State University, Box 5995, Raleigh, 
NC 27650. 
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and the appearance of the spectrum. Other specialized data-collection procedures can be 
programmed straightforwardly, as the burden of controlling the spectrometer stepping 
motors and timer, and of counting x-ray pulses, is handled by the interface hardware and 
a short machine-language subroutine. 


Stepping Motor Control 


Stepping motors are unlike conventional motors in that they do not move continuously. 
Each current pulse advances the rotor by a fixed angle increment, usually 200 or 400 
steps per revolution. The gearing or drive mechanism to which the motor is connected 
then defines the number of steps required for a sprescribed motion, for instance in 
two-theta angle or wavelength. 

It is possible to move whatever the motor is driving very slowly, since the pulse 
rate can be arbitrarily slow. On the other hand, the maximum speed with conventional 
motors and power supplies is usually about 400-800 steps per second, in order that the 
motor can reliably start and stop without losing steps. Higher speeds, or applica- 
tions where the mechanism being driven has substantial inertia (stepping motors are 
rather low-torque devices) involve the need to accelerate and possibly to decelerate 
the pulse rate. Sometimes that is done with hardware, but in the system being 
described here we do it with the software instead. If the distance to be traversed 
exceeds a certain amount, usually 100 steps, a timing loop is applied to the pulse 
output, which continuously decrements the delay until the motor has been accelerated 
to running speed (defined in most cases by the external mechanism and its power re- 
quirements). 

Stepping motors require substantial current supplies, typically several amperes at 
a few volts. Separate power supplies with appropriate transformers and filtering are 
used to produce this power, and the computer simply turns the pulses on and off with 
logic level (5V) signals from an interface board. The board shown in Fig. 1 comprises 
both a stepping motor controller capable of driving multiple motors (up to 15, each 
with a suitable external power supply) and a 24-bit counter (maximum capacity 16 
million counts) for incoming x-ray pulses from the system detector and amplifier. 

The stepping-motor interface is a VIA6522 chip, an intelligent controller that has 
multiple registers that appear to the host. 
computer as a block of memory addresses, in 
the range which the Apple reserves for peri- 
pheral devices (including the keyboard, disk 
drives, printer, and other control interfaces). 
The machine language subroutine which carries 
out the task of sending out the required 
pulses and controlling their timing, 

} writes into one of these registers to make 
' the motor turn in one direction and ano- 
ther for the referse direction. Then the 
register is cleared. The write and clear 
operations produce a logic pulse which is 
transmitted to the power supply. Since 
most of the time spent in this process is 
i. Pee ~ in fact dedicated to waiting until it is 
FIG. 1.--Stepping motor controller time for the next pulse to be sent, the 
and counter interface card. possibility exists in principle of carrying 

out other tasks while that happens. 
Actually, there seem to be very few other things which it is then appropriate to be 
doing, except perhaps controlling another motor, and the program we are using is a 
dedicated rather than a foreground/background one. 

Although the positioning reproducibility of the stepping motor itself is quite good, 
the mechanism to which it is attached may exhibit backlash. If this is the case, it 
is usually adequate to correct for it by always approaching each setting from the same 
direction, with a software loop that goes 100 steps (for instance) past the setting 
desired when coming down in angle and then moves slowly back up to the intended position. 
This method is preferable to installing separate position encoders on the spectrometer (or 
other device), because the encoders are themselves both expensive and of finite accuracy. 
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Provided that the motor has enough torque to drive the mechanism, and the speeds used 
are not excessive, excellent reproducibility of angular position is obtained. The 
greatest source of error in peak location is due to shifts resulting from sample sur- 
face position, and these shifts require peak-seeking as described above. 

In the absence of absolute encoding of position, it is necessary to tell the com- 
puter where the spectrometer is positioned when the system is first turned on. One 
could do that in principle by driving to one end until the limit switch is encountered, 
and then, knowing that position, working from there with the software keeping track of 
relative movements. In practice, it is generally faster for the user simply to type in 
the current angle or wavelength setting, which also allows the user to update the posi- 
tion at any time, in case he has manually repositioned the spectrometer. Continuous 
display of the angle/wavelength setting at which the computer thinks the spectrometer 
is enables the user to notice any discrepancy and to type in the correction. We find 
that this feature is rarely used, as the system is very reliable, but that it does 
make the operators (especially graduate students) feel much more comfortable about what 
is going on. 


Counting Pulses and the Clock Timer 


The output from the normal amplifier, which is connected to dedicated scalar-timers 
and ratemeters in conventional manual systems, is fed to the counter on the interface 
board. If desired, it can also be connected to any existing nucleonics for a parallel 
display of the intensity data. The counter register has a capacity of 2*24-1 counts. 
The operator can clear it by writing to an address on the board; and it is read as 
three contiguous bytes of memory. These intensity values are then displayed on the 
screen in real time, plotted (to show a scan in process) on either the video display 
(Fig. 2) or printer, and saved on disk as desired. 


: a . 
FIG. 2.--Plot on the video display of a FIG. 3.--Clock card for the Apple 
wavelength scan. microcomputer, with interrupt capabil- 


ity. 


Control of the time for data acquisition can be handled in two ways. Since the 
computer itself incorporateds a highly precise crystal-controlled oscillator that syn- 
chronizes all the microprocessor and memory functions, software timing loops can be 
used to keep track of elapsed time, provided that nothing else can interrupt them. We 
normally use a timing loop of 20 ms and all counting times are actually carried out as 
multiples of that basic time. Alternately, if one wants the computer to perform other 
operations (plotting, disk storage, computations) during the counting operation 
(particularly if the time is several seconds or more long), a separate clock is required, 
The one shown in Fig. 3 not only keeps track of time with microsecond accuracy, and can 
be used to label data with the time and date of acquisition, it can also generate an 
interrupt on the computer bus at preset time intervals. This capability permits the 
computer to spend most of its time on other tasks, and just count the interrupts (usually 
at the same 20ms periods) to determine when the preset analysis time has been completed. 
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The data collection software has been written so that if the clock is present on the 
bus it will be used; if not, the software timing loop will be used instead. 

The interface card itself can also generate bus interrupts. This capability is 
used for preset count analysis, where the number of counts to be acquired is first 
written into the interface registers and then decremented during the counting process. 
When the value reaches zero the computer reads the system clock, and from the elapsed 
time since the start of acquisition determines the counting time and hence the count 
rate. This mode is actually very infrequently used, but was included in the inter- 
face design at essentially no cost. 


Spectrum Analysts and Other Applicattons 


In addition to the peak-counting procedures described for quantitative analysis, the 
collection of spectra, either representing a series of short range scans or one long scan, 
is important as a qualitative analysis tool. To aid the user, these spectra can be dis- 
played on the video screen, with either a linear or logaritmic scale. (The latter is 
particularly useful when elemental concentrations range from major to trace elements.) 
They may also be printed, much like a strip-chart recording, on the graphics printer 
attached to the system. In the latter case, they can include peak labels and other alpha- 
numeric information. 

A complete list is available of all major lines (1% relative intensity compared to 
the alpha-1 line) for elements from atomic number 4 up, which can be searched by element 
or by wavelength or two-theta angle. Any element with a peak (one of the 5 K, 11 L, and 
5 M lines in the table) within 1% of the peak to be identified in the displayed spectrum 
is listed, and then all of the lines and absorption edges for each of those elements are 
displayed. 

Off-line programs (which operate on previously acquired data which has been stored 
on disk) are provided for ZAF, Bence-Albee, and calibration curve methods of quantita- 
tion. In addition, since the same hardware configuration can be used for x-ray fluores- 
cence spectrometers, multielement regression (based on LaChance-Traill and Rasberry- 
Heinrich models) and a fundamental parameters (effective wavelength) program are 
provided. The same hardware control can also be used to automate existing WD x-ray 
fluorescence spectrometers or x-ray diffractometers, at a fraction of the cost of a 
new instrument. For the diffraction application, we have written not only data- 
collection routines, but also a minisearch match that can identify the phases present in 
complex samples from a set of standard patterns stored on disk. 

Finally, stepping motors can be attached to many laboratory instruments, including 
scanning densitometers to read diffraction pattern films (electron or x ray), and the 
stage position controls of either electron or light microscopes. Along with interface 
cards that set or read voltages, the availability of a simple interface to control posi- 
tion via stepping motors is a major key to the flexibility and power that microcomputers 
bring to the laboratory. 
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MULTIPOINT X-RAY ANALYSIS BY USE OF THE BACKSCATTERED ELECTRON SIGNAL AS A GWIDE 
T. M. Hare, Dale Batchelor, and John C. Russ 


The technique to be described here is applicable to the characterization of many multi- 
phase materials. We shall illustrate it with a material of great interest to us, a 
fine-grained polycrystalline ceramic material (SYNROC) containing at least three major 
phases, intended for use as a repository for radioactive waste. That means that in 
addition to the five intended host oxides (of Al, Ca, Ti, Zr, and Ba) another 31 ele- 
ments can be expected to present in small amounts. We want to find out by x-ray micro- 
analysis (and other techniques) whether the three predicted phases are present and how 
they change with the introduction of the waste, whether any other phases appear, and 
where the minor element ions go (which phase acts as a host for which waste element). 
X-ray diffraction results can answer these questions only partially. There is some un- 
certainty about the patterns from several of the possible "pure" host phases, occurrence 
of some additional lines, and shifts with the introduction of dopants making the pat- 
terns more complex. In addition, because of the low intensity and probability of over- 
lapping with lines of major phases, X-ray diffraction cannot reliably indicate the 
presence of minor phases (a few per cent by volume). We also want to know as much as 
possible about the local neighborhood around each grain, whether it is composed of 
grains of similar composition (both major and minor elements) or not, and how the rad- 
waste ions distribute themselves during sintering throughout a large sample. 

Classic energy-dispersive spectrometry is inadequate to answer these questions for 
a number of reasons. First, there is no such thing as a "typical" area which can be 
quantitatively analyzed. No two grains are exactly alike, and to analyze enough grains 
to draw conclusions about the ways in which one element substitutes for (or is found in 
conjunction with) another would require an enormous number of analyses, clearly pre- 
cluding long analysis or computing times. Also, since the material is essentially im- 
pervious to etchants, the as-polished surface shows no easy guidelines to the discovery 
of individual grains, which are in any case so small (1-2 um) that unequivocal analysis 
of single grains is undependable. 


Cluster Analysts 


We have previously reported on a technique that attempts to answer some of these ques- 
tions by measuring x-ray intensities for the elements of interest, for short times (10- 
30 s), at a large number of randomly selected points on the sample surface.’ The normal- 
ized intensity values are then plotted in an N-dimensional space (equal to the number of 
elements measured), and we expect to find (with computer assistance) clusters of points 
corresponding to individual phases. The number of points in each cluster yields an 
estimate of the relative volume fraction of the phase, the size and shape of the cluster 
(above and beyond purely statistical scatter) reflects the extent of substitution or 
other composition variation and grain size information, and the number of clusters tells 
us how many phases are present. 

This method has given us some valuable information about the major phases. It has 
become necessary to model the change in the shape of the clusters with grain size, be- 
cause they grow streamers or bridges toward other clusters if the region excited by the 
electron beam may cover more than one phase in this fine-grained material. Figure 1 
illustrates the presence of clusters in two host materials with different grain sizes, 
to illustrate the effect of this bridging. This problem is surmountable (with enough 


The authors are at the North Carolina State University, Box 5995, Raleigh, NC 
27650. 
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points measured), and indeed should in principle tell us something about the probability 
of two phases being adjacent. 

The principal difficulty that remains is that with random point positioning, an 
inordinately large number of points must be analyzed to find minor phases that may be 
present. For instance, a phase amounting to 1% by volume would be very significant in 
terms of the properties (mechanical, thermal, and resistance to leaching out of the rad- 
waste, if certain ions preferentially collected in the phase), but it would require the 
analysis of 10 000 locations for confident identification of its presence as a cluster. 
Even if the phase always occurred next to a particular host phase, or was significantly 
smaller in grain size, it might still be missed. 


FIG. 1.--Plots of normalized intensities from random multipoint analysis of 10 kV. N- 
space distribution is projected onto a 2-D (two-element) plane (Ca vs Zr). (a) coarse- 
grained material (SYNROC, 2-5 um) with distinct clusters; (b) fine-grained material 
(SYNROC, 1-2 um) in which clusters have extensive bridging due to overlapping of analysis 
region onto several grains. 


(a) = (b) 


FIG. 2.--(a) Backscattered electron image of fine-grained radwaste-doped "SYNROC" multi- 
phase ceramic. Contrast and black level suppression have been increased to cover gray 
scale of display with small variation in average atomic number; bright points are 

actually smaller than shown and have saturated display and film. (b) Histogram of bright- 
ness readings on backscattered electron image of peaks represent gray levels that corres- 
pond to points on surface with same average atomic number, and which thus may belong to 

a single phase. 
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Backscattered Electron Images 


Although there is little or no relief on the polished surfaces placed in the SEM for 
analysis, so that secondary electron images show no detail except for occasional pores, 
pits, or scratches, it is possible to obtain contrast in the backscattered electron 
image. We use a segmented annular backscattered electron detector (G&W Model 30) which 
in independent tests has shown the ability to resolve average atomic number differences 
for elements in the Z = 10-40 range of about 0.1 to 0.2 Daltons. The fraction of inci- 
dent electrons which backscatter increases monotonically with atomic number, so differ- 
ences in average atomic number between the phases makes them distinguishable. 

Figure 2(a) shows a representative backscattered electron image of a multiphase 
ceramic containing 10% simulated radwaste (nonradioactive isotopes of the expected ele- 
ments, in the expected composition) . There is clear visual evidence for several pha- 
ses. By measuring the image brightness at each point (in a256 x 256-point array), we 
collect the histogram shown in Fig. 2(b). It shows the presence of several phases, which 
we can identify as at least five phases with subsequent x-ray microanalysis. 

From the expected composition of the host phases, we would expect average atomic 
numbers as follows: 


L330 Zirconolite 
13.6-14.6 Hollandite (depending on the barium-titanium ratio) 
AE ees Perovskite 


We have subsequently identified (by x-ray microanalysis) the small bright phase as heavy 
metals, chiefly the radwaste elements Mo and Rb, with an average atomic number of more 
than 40, and the darkest nonpore phase as alumina (resulting from inclusion of shattered 
grinding media), with a mean atomic number of 12.0. Note that the variation in the 
Hollandite allows it to cover the entire range between Perovskite and Zirconolite, and 
with the addition of even small amounts of heavy radwaste elements, to risk confusion 
with either. 


EDX of Selected Gratns 


Using the backscattered electron image as a guide, we can position the electron beam 
stationary at the ''center" of a region with a selected brightness (presumably a selected 
average atomic number) and perform an analysis using the energy dispersive spectrometer. 
This procedure may still cause penetration through to underlying phases of different 
compsotion, if the grain is thin (see our earlier paper on predicting the depth of analysis 
in this material),* but gives the best chance of getting a set of x-ray intensities 
characteristic of the selected phase by itself. 

From many such points, with each one measured for 20 s at 15 kV, we can again plot 
the results in N-dimensional space to examine the clusters. The material has a grain 
size similar to that of Fig. 1(b). We have found that one particular brightness level 
(the light intermediate gray in Fig. 2) produces intensities that sorted themselves into 
two evident clusters, representing two different compositions, as shown in Fig. 3, in 
which it is evident that there are two phases, zirconolite and hollandite. 

From the results, three main regions were identified in addition to the dark alumina 
and bright metal phases. These regions are shown in several two-dimensional projections 
in Figures 3(c) and (d). It is possible to distinguish the brightness levels of these 
phases in some cases, as shown in Fig. 4 (where a smaller area of the image was measured, 
with less variation in detection efficiency). It was also shown that the dark gray (not 
black) phase (perovskite) is the only phase that contains the radwaste element neodymium. 


Conelustons 


By combining the use of the backscattered electron image, to indicate phase bounda- 
ries, and rudimentary image analysis to find grain centers for beam positioning, one 
may obtain selected phases for compositional analysis by energy-dispersive x-ray measure- 
ment. This procedure is much more efficient than random-point analysis for measurement 
of minor phases. The variation in composition of phases, and the amounts of various 
minor elements in each, can be determined. In addition, measurements on the backscattered 
electron image can reveal the relative abundance (volume fraction) of the phases. This 
approach is an extremely efficient one for characterizing complex materials. 
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FIG. 3.--Normalized intensity plots from multipoint analysis using backscattered electron 
Signal to select locations corresponding to chosen gray levels in Fig. 2(b). Points from 
light-gray region fall into two clusters, indicating two compositionally distinct pha- 
ses with nearly equal average atomic. umbers. (a) Ca vs Zr, light-gray area; (b) ZY VS 
Ti, light-gray area; (c) Ca vs Zr, light- and intermediate-gray areas; (d) Zr vs Ti, 
light- and intermediate-gray areas. 


FIG. 4.--Brightness histogram 
showing two partially resolved 


peaks in light-gray area on References 
Fig. 2(b), obtained by scanning 
over reduced area. 1. J. C. Russ and T. M. Hare, "Character- 


ization of heterogeneous Polycrystalline 
materials," Microbeam Analysts--1981, 186-189. 

2. J.C. Russ, T. M. Hare and A. G. 
Solomah, "Selective x-ray analysis of 
individual fine grans for phase identifica- 
tion in SEM," Canadtan J. Spectroscopy 25: 
64-69, 1980. 
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PROBLEMS ASSOCIATED WITH COMPUTERIZED ANALYSIS OF A LARGE NUMBER OF SMALL PARTICLES 


John Gavrilovic and D. A. Brooks 


Automated analyses of small particles have input Output 
been a reality for the past decade. An au- 

. : Sample Step beam 
tomated electron microprobe for routine current 


analyses was developed at McCrone Associates 3 

as early as 1967.! Today, most analytical ele 

work is performed by means of the new gene- ADE 
. : Beam position 

ration of computer-controlled electron micro- 

probes. Although automated analyses are oc- 

casionally performed by scanning electron 

microscopes and even ion microprobes or ion 
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Analytteal Instrumentatton Related Problems interface 
In the above mentioned analyses, the in- ere: TTT] output Computer 
strumentation used was a 1965 ARL EMX elec- a AT HI ice 


tron microprobe equipped with three Computer 
wavelength-dispersive (WDS) and one ORTEC 
energy-dispersive spectrometer. The WDS 
spectrometers were driven by ac motors, 
which were in turn computer controlled 
through a set of potentiometers that yielded 
a resetting precision to within 0.03% of the 
spectrometer range (Fig. 1). 

Spattal resolution (or size of the electron beam). At a 25nA sample current and a 20kV 
accelerating potential the average size of the electron beam was 2 um, which immediately 
restricted analyses to particles above 2 um. The high-voltage power supply was probably 
the least reliable component, which added to spatial resolution degradation. 

Stability of sample stage and/or electron bean. In view of the spatial resolution 
limit of 2 um, the positioning of the stage and its stability did not present special prob- 
lems. However, the positioning of the electron beam and its stability were inadequate even 
for 2um particles. The main sources of instability were thermal and electrical changes due 
to contamination build-up within the electron column. 

Resetting prectston and/or drift of x-ray spectrometers. Fully focusing x-ray spec- 
trometers available on the ARL microprobe were very delicate; thus, our continuous use re- 
quired realignment once or twice weekly to obtain desired crystal positioning and the re- 
spective x-ray intensities required by program parameters. 


FIG. 1.--Block diagram of computerized 
electron microprobe. (Analysis options 
illustrated.) 


The authors are at Walter C. McCrone Associates, Inc., 2820 South Michigan Avenue, 
Chicago, IL 60616. 
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Filament ltfe. Filament life in automated operations was critical. Filament evapora- 
tion and the resulting oversaturation caused numerous breakdowns during continuous or long- 
term runs (24 hr). The possibility of using an undersaturated filament might be more de- 
sirable; however, operation under these conditions did not insure adequate stability. 


X-ray Related Problems 


X-ray related problems were perhaps the largest source of problems in routine automated 
analysis of small particles. 

Optimum excitation voltage. For routine automated analysis an optimum excitation volt- 
age is almost impossible to obtain if elements differing widely in atomic number are to be 
quantitatively analyzed. 

Overlapping of x-ray lines. The presence of higher-order x-ray lines was a major prob- 
lem when considering the large number of elements (in one case, 27) to be analyzed. This 
problem was, in fact, compounded as many particles contained several high-atomic-number 
elements that yield several x-ray lines of short wavelengths. 

Counting time. For programming considerations the counting time during our analysis 
was fixed at 10 s per particle/element. The use of a fixed count collection is statisti- 
cally preferable but often leads to unacceptably long analysis times. 

X-ray absorption vs particle stze. The size of the particles being analyzed affects 
the precision of the analytical results in two ways: 


(1) smaller particles have usually low count rates which are inadequate for statisti- 
cally valid information; and 

(2) absorption effects are significantly different for light and heavy elements within 
small particles in comparison with infinitely large samples. 


Sample-related Problems 


Disperston of particles. Sample preparation and sample mounting were initially criti- 
cal in our automated analyses. The critical part was in achieving a good dispersion of 
the particles on the sample mount to eliminate overlapping or interference from one par- 
ticle to the next. During our analyses we encountered some problems as even micrometer- 
sized particles were found to be frequently agglomerates of submicrometer particles. 

Mounting of particles. Groups of particles from the samples to be analyzed were mounted 
on the electron microprobe mount with diluted collodion solution. An occasional segregation 
of the small particles toward the periphery of the sample droplets occurred during drying 
and biased the results. To eliminate the particles drifting in the solution of collodion 
and amyl acetate extremely small droplets of solution were used. 


Data Presentatton 


A distinct advantage with computerized operations is the extreme flexibility available 
in data presentation.? Once the computer collects sufficient data (complete records of 
size and chemical composition) for all the small particles analyzed, presentation of such 
data is left to the imagination of the programmer. In our particular case, once the data 
collection for each sample had been completed the following output data for each sample 
were generated. 


® a size distribution of particles (Table 1) 

@ the total number of elements (frequency) (Table 2) 

e the concentration vs frequency (Table 3} . 

@® a size composition comparison frequency relationship (Table 4) 
Coneluston 


Improvements in analytical instrumentation, computer hardware, and the respective soft- 
ware have resulted in more routine automated particle analyses. However, such analyses are 
not routine and seldom truly automatic. The close cooperation and experience of the elec- 
tron microprobe operator and the computer analyst in small particle analyses may make the 
difference between computer-generated data without real value and fully comprehensive char- 
acterizations of small-particle samples. Examples of typical computer generated data sum- 
Maries are given in Tables 1 through 4. 
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TABLE 1.--Particle size distribution. (Sample TABLE 2.--Number of particles with major 
A-1; total number of particles analyzed, 1211.) elements. (Sample A-1; total number of 
pee minnbones ‘Ai. J 
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TABLE 4.--Average particle size for References 


particles: with major-elements., : 1. M. Bayard, "A computer operated microprobe," 

(Sample A-4; total number of parti- Microbeam Analysis--1969, 25. 
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Publishers, 1980, 6: 1952-1660. 
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TABLE 3.--Summary of particles with various elements. 
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CONTROLLING A SCANNING ELECTRON MICROSCOPE WITH A DEDICATED MICROCOMPUTER 
E. M. Gregory, T. M. Hare and John C. Russ 


Most scanning electron microscopes, and certainly ours which is a vintage JSM-2, are 
designed for direct human control of knobs and switches. The specimen stage is mechan- 
ical, with back- and side-lash that operators learn to compensate for, but which are 
not readily motorized or "joystick" controlled. Also, the beam scan (and correspond- 
ing scan on the display CRTs) is produced by analog circuitry suitable, in terms of 
reproducibility and linearity, for the purpose of viewing and photographic recording 
of images, but inadequate for high-precision image measurement or automated x-ray 
microanalysis. 

However, faced with the need for a more automated microscope with which to conduct 
some badly needed research but no funds for a new SEM, we have managed to provide all 
these capabilities and more. The heart of the control system is an Apple II computer, 
with 65K memory, dual floppy-disk drives, a graphic display screen, and a high-speed 
dot matrix printer that can dump graphic images as well as letters and numbers. 
Connecting the computer to the SEM has been accomplished with essentially standard, 
off-the-self interface cards (Fig. 1) and a small amount of improvisation, plus pro- 
gramming to exercise the needed control, and in some cases circumvent the peculiarities 
of the microscope (which was never intended for this fate). JEOL has been extremely 
cooperative in providing the necessary schematic drawings and advice on how to accom- 
plish the desired interfacing. 


Sen 
Circuit 
Power 
FIG, 1.--Several of the interface cards FIG. 2.--Operational amplifier circuit to 
used with Apple computer: left to right, tailor voltage range of DAC output to 
stepping motor controller and pulse scan circuit requirements. 
counter, multichannel ADC and DAC, sys- 
them clock. 


Beam Control 


The voltage required for the final-stage amplifier in the scan generator (which 


The authors are at the Engineering Research Division of North Carolina State Univer- 
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drives both the beam on the sample and in the display CRTs)is +2 V in the JSM-2. Other 
microscopes may require other voltages, but generally of the same order of magnitude. 

By switching in an externally generated voltage in place of the built in generator it 

is possible to position the beam anywhere in its normal scan area, with an indication 
of its position with respect to the normal image. The switching is accomplished in our 
case by a relay mounted inside the SEM cabinet. The 12V relay coil is powered by the 
computer, so that when the computer is disconnected, normal operation is assured. An 
operator switch also permits normal scan functions to resume whenever desired. 

When the relay is engaged, the scan voltages come from an external connector, which 
is supplied by a digital-to-analog (DAC) interface card within the computer. This card 
contains 16 individually addressable DACs, each of which produces a voltage in the 
range + 5 V in 256 steps (an 8-bit DAC). A simple circuit (Fig. 2) consisting of an 
operational amplifier and suitable biasing resistors is mounted on the card to allow us 
to trim the output voltage to the required range for the SEM. One of the DACs is 
connected to the X-scan coil and one to the Y-scan coil. One is also available for 
modulation of the display brightness, to produce photographable displays, and the re- 
mainder are spare at this time. (They could in principle be used to control other func- 
tions such as lens focus, beam blanking, electron spectrometers and so forth.) Figure 
3 shows the complete interconnection diagram. 


*“ Beamscan 


ad 
/ Electron | 
le Detector (s)} 


4 [Stage Position 


Graphics] | _§Motor 


Tabiet 


| Floppy 
| Disk 
| Storage 


oie Keyboard (Joystick) Graphics 
Terminal 


Printer 
FIG.3,--Block diagram of SEM microcomputer control system. 


An array of 256 x 256 points is significantly poorer image resolution than the 
capability of the display CRT, which approaches 1000 x 1000. Consequently, this external 
scan generator is not used for routine beam scans or photographic recording of images. 

As described in an accompanying paper, it does combine well with our image acquisition 
and measurement capability, and indeed the ADCs (analog-to-digital converters) used 
for signal measurement are physically located on the same card. Higher-resolution 10, 
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12, 14, and 16-bit DAC cards are available to offer higher resolution in beam position 
whenever needed by a specific application. (A 12-bit DAC produces voltages over its 
output range in 4096 steps, so two would permit positioning the beam anywhere in a 
4096 x 4096 array of points.) 

To the computer, each of the 16 DAC outputs (and each of the 16 inputs) on the card 
appears as a memory location within its addressable memory space. To cause the DAC to 
produce a voltage it is simply necessary to write a number from 0 to 255 at the corre- 
sponding address. This value is latched (held) until it is changed or until the 
computer is switched off. The particular DACs used can provide a total current of 
20 mA, and can change their output voltage at the rate of 10 V/ms. Again, higher speed 
or higher current (up to 150 mA and 3us settling times) capabilities are commercially 
available as plug-in cards. In the same way, the ADCs on the card can be read as if 
they were memory locations, they measure voltages in the same 10V range, and can digi- 
tize a value in 70 us. (Faster times and other voltage ranges are available from 
several suppliers.) 

The card used, and indeed all the various interface cards we have in the computer, 
are fully compatible with the operating system and with Basic and assembly language 
programming (as well as other languages). Writing programs to control the beam posi- 
tion has proved to be well within the capabilities of everyone who uses the SEM, 
ranging from faculty to undergraduates, when special routines are needed for specific 
applications. A collection of well-tested general purpose routines already exists and 
can be called from disk for most routine jobs. 


Purposes of Beam Control 


One purpose of the external beam control capability is to advance the beam slowly 
stepwise and acquire images for measurement. This process requires, as for several 
other applications, a time base to control the steps. Normally this time base is 
provided by a software loop within the program, which uses the system clock and depends 
on the consistency of time required to execute the same set of instructions over and 
over. When needed, the time can also be controlled in a number of other ways, in- 
cluding a logic signal trigger from an external source or an interrupt from a crystal- 
controlled clock, also plugged into the computer. Asynchronous control, based on the 
acquisition of x-ray data, for instance, is discussed below. 

Another technique we have developed and applied to a variety of applications pro- 
blems dealing with the characterization of heterogeneous materials is automatic collec- 
tion of x-ray analysis data for a preselected list of elements from a large random 
number of locations on the sample.” Actually, one normally does that by positioning 
the beam on points in a 16 x 16 matrix covering the entire image area, and counting at 
each point for a preset time. It is immediately clear that this is hardly a "random" 
pattern. However, the distance between points is large (controlled by the magnifica- 
tion of the image, which is manually set by the user) compared to the size of the 
individual grains in the material, which are presumed to define the scale of the 
inhomogeneities. Hence, it is the microstructure that is assumed to be "random" and 
the points can indeed be placed in a regular array. Another paper in these proceedings 
discusses the interpretation of the data collected by this technique. 

Another mode of collection of x-ray spectra uses not a random array of points, but 
a series of preselected ones. This list may come from the computer itself, for instance 
by finding of the centroids of features (a phase in a solid or a particle on a sub- 
strate) by measurement of an image acquired by step scanning a raster. It is also use- 
ful sometimes to scan a rather coarse raster over the sample and stop to take data only 
on points for which the backscattered electron signal, for instance, is within a pre- 
viously specified range. This method can be used to analyze a larger number of grains 
of one phase in a multiphase material, for example, if the average atomic number varies 
between the phases and consequently affects the backscattered electron signal. Similar 
schemes using transmitted electrons or specimen current can be readily envisaged. 

It is also possible to acquire a series of elemental intensities along a line scan 
across the sample. In this mode of operation, the beam stays at each of the 256 positions 
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along the line for a present time, typically 1 s, while x-ray pulses are processed by 
another, specialized interface card that digitizes energy-dispersive x-ray pulses, 
Counting all the pulses in a range corresponding to particular elements of interst, one 
can easily build up so-called "digital line scans" showing the distribution of elemental 
intensity along the line. Since that is done for several elements at once, facilities 
are then provided to display the data in the form of any entered combination of the 
various and individual elemental intensities,* as shown in Fig. 2. 

By controlling the beam scan from the computer, one can dwell on each point for an 
equal amount of live time in the analysis, so that there is no adverse effect of gross 
changes in counting rate nor any need to introduce individual dead time corrections for 
each point, which can be distorted by poor counting statistics. Multi-element line scans 
acquired in this way are very powerful tools for the qualitative study of elemental dis- 
tributions in samples. Multiple line scans, forming a raster scan pattern, can be 
combined when the importance of the sample justifies the long collection times to pro- 
duce a two-dimensional image. This image for each of the various elements, or for any 
combination of them as before, can be displayed on the SEM CRT via one of the DAC 
outputs as mentioned before, to produce a gray-scale image for photographic recording. 

Finally, it is possible to position the beam for microanalysis according to points 
specified by the user, with reference to the normal SEM image, by positioning the beam 
(and corresponding point on the display CRT) with a joystick (two potentiometers which can 
be read by the computer, mounted orthogonally on a suitable mechanism). Switching back 
and forth between the normal scan generator (and image) and the DAC position (and 
cursor), the user can find the points of interest. Pushing a button instructs the 
computer to record the coordinates in a list that can later be used for automated quanti- 
tative analysis. 

A quite different application of electron beam control, with which we have as yet 
very little experience, and which may require higher precision DACs, is electron beam 
lithography. Moving the beam along a complex pattern entered either from the keyboard, 
or using a graphics tablet to trace a line drawing of the pattern to be exposed, is a 
useful way to produce uniformly exposed, precise lines. This capability is of great 
interest to researchers dealing with microelectronics and integrated-circuit design, 
especially in small experimental facilities (such as most universities) where dedicated 
specialized electron-beam instruments are not available for this purpose. 


Other Control Operations 


In addition to the electron-beam position, the most useful controls on the SEM for 
the computer to control are probably the stage position adjustments. These adjustments 
are mechanical rather than electrical and so cali for a different control strategy. 

We have been using similar computers to control stepping motors that drive x-ray spectro- 
meters (both fluorescence and diffraction), and it seemed logical to adapt this method 
for the microscope stage as well. Unfortunately, the mechanical reproducibility of the 
stage is not adequate for this task, as the same position of the various control knobs 
does not reproduce the same position consistently. The problem is more complex than 
simple backlash, which could be solved by always approaching the point from the same 
direction, and involves an interaction of the various movement axes to which we refer as 
"sidelash." Newer stages may overcome these problems, but this seems not to be a viable 
solution for our vintage instrument. 

Still, even if it is not possible to reproduce the stage position well enough, let 
us say, to carry out automated x-ray microanalysis over an area of the sample larger than 
can be reached with the beam scan, or to re-analyze standard samples mounted adjacent to 
the unknowns from time to time, or even to bring under the beam a Faraday cup to measure 
beam current and compensate for drift (all things that are quite useful, and routine in 
many automated microprobes), there are other possible purposes for motorizing the stage. 
One is simply to be able to step to some new, quasi-random location to continue making 
measurements of x-ray elemental intensities in the process of sampling many points on a 
heterogeneous specimen. Another is to process many fields, not necessarily adjacent, in 
obtaining images to measure particle size distributions. For these purposes, it is 
necessary to move the stage by some small but not precisely controlled amount. 
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This control can be achieved far more simply and economically than with a stepping 
motor. A low-voltage dc motor coupled to the control shafts with 0 rings (expensive 
rubber bands) can drive the stage, and the computer can turn them on or off and control 
direction with simple relays. A single card interface to throw up to 16 solid-state 
double-pole, double-throw "relays" is available for our microcomputer and is ideally 
suited to this purpose. The distance of the motion can be controlled simply (and 
approximately) by the time the motor is powered. We may never know where we have been, 
but it is a simple matter to assure that we stay within the confines of the sample, and 
the sampling is certainly "random." 

We have not yet tried to interface other SEM control functions with the computer, 
such as the camera, lens controls, or beam alignment. These have been manual operations 
for so long that all our operators feel comfortable with them as they are. However, for 
some other instruments and laboratories that might not be the case. Certainly it seems 
quite easy and astonishingly inexpensive to interface electrical and mechanical controls, 
and to read back various image or other signals, into a standard microcomputer. Programs 
to acquire data or exert control are easy to create in Basic, and where particular 
control subroutines must be written in machine language for speed, they can be created 
once and for all as part of a master library of functions, called by name. This pro- 
cedure makes it easier for each operator to program his/her own experiment. Our ex- 
perience is that by adding these capabilities to our SEM we have prolonged its useful 
life many years beyond the expected term, and in some respects have made it easier to use 
and more flexible than some newer and more costly machines. 
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IMAGE ACQUISITION FOR FEATURE DETECTION WITH GRAPHICS TABLET AND YIDEO OUTPUT 
John C. Russ and Michael Huns 


In many fields of application, the identification of features in images and their measure- 
ment has become equal in importance (and more demanding the time required) than simply 
obtaining them. Our concern for the moment is with images created in the electron micro- 
scope, and particularly the scanning electron microscope. This is already a raster- 
scanned image in most cases, which lends itself readily to the kind of processing to be 
described. However, the same kinds of measurement algorithms (which are described in 
detail in an accompanying paper) are applicable to images from other sources, such as 
light microscopes to which an ordinary TV camera has been attached, and to photographs at 
any magnification viewed by a video camera. This list naturally includes aerial and 
space photos as well, so we must always remember that except for changes in the image 
scale from micrometers to furlongs, the determination of the size of pores or inclusions 
is no different from that of the acreage devoted to certain crops. 

Of fundamental importance in measuring any feature is the ability to distinguish it 
from the surroundings. In the "normal'' SEM image, formed with secondary electrons 
emitted from the surface and collected by a positive voltage applied to a scintillator, 
the contrast (change in brightness from place to place) depends largely on surface in- 
clination, and to lesser degrees on surface composition (including very thin layers of 
contamination), fine-scale roughness, and orientation relative to the detector. The ability 
of the eye/mind combination to recognize features in such images depends on much more than 
brightness, and consequently the delineation of boundaries must usually be performed by a 
human, rather than automatically. This process requires another kind of input device, 
called a graphics tablet or digitizer pad, which allows the user to mark the perimeter of 
features with a stylus and transmits the coordinates of the points to the microcomputer. 
Normally one does that by placing photographs onto the tablet surface, but it is also 
possible to superimpose the image of the tablet surface and the user's stylus directly onto 
the video image from the microscope, so that he can "draw" electronically right on the 
image without photographic recording. The appearance of this mode of entry is shown in 
Fig. 1: 

In the graphics tablet, one locates the tip of a hand-held stylus (some are shaped much 
like ball point pens, others have crosshairs and magnifiers} above its surface. The body 
of the tablet has embedded in it a mesh of wires that carry a radio-frequency electromag- 
netic field. This field is picked up by the sylus, and from the time delay it is possible 
to locate the tip to within about 0.005 in. (better than the ability of the hand to re- 
produce in most circumstances). The coordinates of the tip, and whether or not the user 
is pressing it down (which closes a microswitch contact in the sylus) are presented to the 
computer by the interface card at a very high rate of speed, about 4000 times per second. 
Figure 2 shows the interface card. 

The processing software reads these values and compares them to the last recorded ones, 
so that new data are in fact added to the list of points only when the operator moves the 
stylus. It is practically impossible to move the sylus fast enough to miss any points, and 
consequently the outline of features is represented by a many-sided polygon with each side 
about 0.01 in. long. As the line segments are recorded in memory, they are also drawn (at 
reduced resolution) on the computer's graphics display screen as a record of where the stylus 
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FIG. 1.--Video image of particles in SEM. FIG. 2.--Graphics tablet and interface 
Contrast is nonuniform on different faces, card. 

either brighter or darker than background. 

Manual outlining with graphics tablet is 

required. 


has been. For the 11 X* llin. tablet area we use (even larger pads are available), a 
"resolution" of 2200 * 2200 points is implied, far higher than the 256 X 256 array of 
points measured by the video image processor to be described below. However, since the 
only data that enter the computer are the actual perimeter points, the total amount of 
data to be handled is much smaller for the graphics tablet than for a video image. 

With the graphics tablet, the data as entered into the computer memory are already 
organized on a feature-by-feature basis so that the various kinds of measurements can be 
readily performed. However, as each feature must be recognized and outlined by the 
operator, the time required to build up a database of several thousand particles, for 
instance, can take many hours of rather tedious hand work from photographs. The danger 
of subconsiciously selecting only certain features, and missing others, or in other ways 
biasing the data, is always present with this method. 

The direct entry of raster-scan images is in principle a much faster and more 
efficient way to collect large amounts of data. The requirement is :that the computer be 
programmed to recognize features or boundaries, usually based on their brightness com- 
pared to the remainder of the image. Backscattered electron images from flat polished 
surface often show this type of contrast for either grain boundaries (due to polishing or 
etching relief) or discrete phases (inclusions or voids) in the material. The principal 
component of this contrast is differences in average atomic number, which changes the 
fraction of electrons that backscatter and are detected. 

Another type of sample often encountered is particles dispersed on a substrate. 
Using an annular backscattered electron detector with high solid angle, we find that these 
samples also give useful backscattered electron images. Part of the contrast is still 
based on atomic number, since the substrate can often be chosen with either a lower or 
higher atomic number than the particles. In addition, the increase in backscattering 
around the edges of the particles, where the beam strikes them at grazing incidence, pro- 
duces a bright outline. It is possible with suitable software to fill in holes in such 
images to obtain the complete particle projected area. 

With raster scan images, it is the brightness at each point that is measured, and 
some suitable method, usually implemented in software rather than hardware, must be 
employed to detect the features or boundaries of interest. Usually one simply accomplishes 
this goal by setting two brightness cutoff levels, using potentiometers whose values can 
be read by the computer. Any picture point whose brightness lies within the two levels 
is considered to be in the feature or boundary. It may later be wise to reject isolated 
pixels from this image, as being due to noise, or to undergo other steps of image post- 
processing or modification. 

The absolute brightness measurement method suffers from problems if there is an over- 
all gradual shading from side to side or center to edge in the original image. That can 
happen all too easily with a light microscope, due to uneven illumination or uneven 
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sensitivity in the video camera used. In the SEM, we have not found this to be a problem, 
but when it does arise one solution is to measure first the brightness from a uniform 
sample (a gray card in the light microscope, a uniform flat surface in the electron micro- 
scope). The observed variation can then be subtracted to find the actual variation in 
real images. Another method is to use the derivative of brightness as a function of posi- 
tion, either along a single direction (the scan line) or in two directions (by temporarily 
storing several scan lines for comparison). Either method of compensation slows down the 
data acquisition rate. 

Most raster scan images are acquired at conventional TV rates. Figure 3 shows a 
simple interface card which digitizes a conventional black-and-white video signal and 
provides to the host computer a 6 bit (0-63) brightness value for any pixel in a 256 x 256 
array on the image. This method functions by triggering on the TV sync pulses to find the 
start of the image and start of each line, and then using an analog-to-digital converter 
to read the voltage that corresponds to the desired point. The video signals from SEMs 
that use a standard TV rate scan are directly compatible with this interface. It is 
capable of digitizing an entire image in under 4 s, but if the processor is simultaneously 
making some brightness comparisons to detect features, and measuring lengths of chords 
through the features, the total acquisition time is over 10 s. 

Much slower scans are possible with some systems. Figure 4 shows an interface card 
for the same microcomputer that has 16 analog-to-digital (ADC) and 16 digital-to-analog 
(DAC) circuits, each addressable by the computer. The DAC outputs generate voltages in 
the 0-10 or +5 volt range, in 256 steps. Two can be connected to the scan amplifiers of 
the SEM, to position the electron beam directly in X and Y. Then the backscattered elec- 
tron signal (or any other image signal) can be connected to the ADC input and digitized, 
which yields an 8 bit (0-255) value. The time required to position the beam and read the 
signal is about 50 Us with this particular card; other, similar ones can be used with times 
as short as 10 us. 


FIG. 3.--Video cam- | 
era input and in- | 
terface card (also 
used with video 

signals from SEM). 


FIG. 4.--DAC/ADC card used for slow raster 
scan of SEM and digitization of back- 
scattered electron and other image signals. 


With this interface, the computer can direct the beam to scan a raster, or in prin- 
ciple any other pattern, to input an image. Since the array size is the same 256 < 256 
as for the video interface, the same data processing software can be used. There are 
DACs with 10 (1024 x 1024), 12 (4096 x 4096) and more bits of precision, but they offter 
no advantage in this application since the images become too large (too many data points) 
for the comparatively small computer being used (a 64K Appie II+). Figure 5 shows a 
typical digitized image and an enlarged section in which the finite pixel size is apparent. 
Similarly, more resolution in the input ADC is unnecessary for reading image brightness; 
in fact we often take multiple readings at each location for averaging purposes to reduce 
image noise. 

Figure 3 on p. 300 is diagram of a fully configured system. The host computer is 
interfaced to a graphics tablet, to a video digitizer, and to a DAC/ADC card as have been 
described. In addiition, it supports dual floppy-disk drives, a high-speed dot-matrix 
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FIG. 5.--Typical gray-scale image 
and derived 256 x 256-pixel digit- 
ized image corresponding to a cho- 
sen range of brightness values, 
with expanded portion showing 
finite pixel resolution. 


printer with graphics capabilities, and an multichannel analyzer card with which it can 
measure x-ray pulses from a Si(Li) detector. This scheme is used with the beam control 
capability for automated point analysis. The signal inputs to the ADC card inciude 
secondary and backscattered electrons, transmitted electrons, and specimen current. The 
computer, under program control, can select which of these to use, or even combine them 
if appropriate. 

Although complex software is required to identify and separately measure features in 
a raster-scanned image, not all stereometric measurements require such feature-specific 
data. For instance, the grain size of a metal can be determined from the mean intercept 
length, which is simply the average chort length in a raster scan image where the grains 
are detected and the boundaries eliminated. Many such image-related rather than feature- 
related parameters are available. 

In addition, instead of using the brightness of each pixel for comparison to present 
cutoff levels, to discriminate the features of interest, it is also possible to record 
a brightness histograph of the entire image. The X-Y location of the points is lost, 
but the histogram shows the variation in brightness (or density, depending on the signal) 
for the image as a whole. This histogram is sometimes useful in determining where to set 
the cutoff levels for subsequent discrimination. However, its principal use is in cases 
where multiple phases are present and each has a different brightness (for instance due 
to a different average atomic number in each phase producing a variation in electron 
backscattering). Then the histogram shows discrete peaks for each phase, and from the 
number of counts in each peak, the relative area of each phase and from the volume 
fraction can be obtained directly. 

Figure 6 illustrates this feature for a multiphase ceramic. The different brightness 
levels in the backscattered electron image correspond to the peaks in the brightness histo- 
gram, and the areas of each peak are read from the display by setting cursors to bracket 
the peak of interest. The same method would be used with transmission images (light or 
electron microscope) to measure density. The system then functions as a scanning densito- 
meter. 

A related technique, useful for integrated circuits and similar specimens, is to 
measure the brightness in the SEM image, which could be secondary or backscattered 
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electrons, but in this case is more often electron-beam-induced conductivity, and to plot 
an isometric view or contour map of brightness (signal strength) as a function of position. 
These displays (Fig. 7) are extremely useful to convey spatial information on the varia- 
tion of signal strength, and offer a valuable complement to the normal SEM image capabili- 
ties. 


FIG. 7.--Brightness histogram of backscattered electron image from multiphase sample. 


Area in each: peak corresponds to volume fraction of phase. 


FIG. 7.--Isometric, histogram, and contour 
map displays of image brightness on small 
area (11 x 14 points) of image. 
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IMAGE MEASURING ALGORITHMS FOR A SMALL COMPUTER 
T. M. Hare, John C. Russ, and J. Christian Russ 


Graphtes Tablet Input 


Discrimination of features from background, and the measurement of their size, shape 
and other parameters, is fundamentally different when the image is obtained in a raster- 
scan or "video" format as compared to human input from a graphics tablet or other similar 
device. The latter, which in a typical situation would be a surface on which a photo- 
graph could be placed, and which reports the X-Y coordinates of a hand-held cursor or 
stylus to the computer, is in all respects much simpler to use. 

In the first instance, the graphics tablet or digitizer pad reports the coordinates, 
but it is the human, using a very powerful "built-in" image-processing computer, who 
recognizes the edges of the feature of interest and preserves the connectivity of the 
perimeter around whatever protrusions or invaginations may be present. This capacity 
is by no means trivial for pictures such as typical SEM secondary electron images, in 
which the gray-scale variation may be inconsistent from place to place and can be 
severely interfered with by statistical noise in the image (especially at fast-scan or 
TV rates). Furthermore, the data that are stored in the computer for processing are a 
"string of beads" that outline the perimeter of one feature at a time, without confusion 
from other nearby features (even those that touch or nearly touch, so long as the human 
can separate them). Typical graphics tablets such as the one shown in Fig. 1 have 
spatial resolution of about 0.005 in., so that the several hundred or thousand points 
along each perimeter are separated by only about 0.01 in., and the fact that the outline 
is actually a many-sided polygon becomes unimportant in view of the expected smoothness 
of motion of the operator's hand. 

From the stored coordinates of the perimeter points, it is a straightforward opera- 
tion to obtain the primary measurements of the feature. First of these features is the 
perimeter, the sum of the lengths of the sides, each calculated as the square root of the 
sum of the squares of differences of the X and Y values. Next is the area (Fig. 2), 
obtained as the sum of areas of trapezoids bounded on one side by the line segment adja- 
cent points and on the other by the edge of the tablet (or wherever the nominal zero 
coordinate lies). The area is taken as positive when the successive points increase in 
magnitude and negative when they decrease, so that the area outside the figure cancels 
and leaves the net area of the feature. This measurement is accurate even for very 
irregular shapes, and simple multiplication and summing is quite fast in even a small 
computer. 

The centroid can be determined in much the same way, where the moment (product of area 
times center coordinate) of the individual slices are summed and divided by the total 
area. This determination must be made in two directions to get the X and Y coordinates 
of the centroid or center of gravity. Feret's diameters (Fig. 3) are projected lengths 
in any direction. Testing a finite number of directions, to find the maximum and minimum 
(length and breadth of the feature), requires a simple transformation of coordinates 
with a table of sine and cosine values. Usually this testing must be performed over at 
least 16 directions for an accurate estimate of the maximum and minimum. Long and narrow 
features yield substantial errors in breadth if their axis does not coincide with the 
direction of the measurement (Fig. 4). 
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Fig. 2.--Principle of area measurement. 
Areas of slices add algebraicly depending 
on direction of motion along perimeter, so 
that region outside closed feature cancels. 


Ferety 


Feret, 


FIG. 3.--Feret's diameters, or projected 
lengths, are determined in various direc- 
tions. 
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FIG. 4.--Breadth of a long narrow fea- 
ture is mis-estimated by Feret's diam- 
eter if it lies at an angle to measure- 
ment direction. 


Another method for finding the maxi- 
mum diameter is to carry out an ex- 
haustive search for the greatest distance 
between any two points. This would take 
prohibitively long if all combinations 
of hundreds or thousands of points were 
involved, but some simple preselection 
can eliminate most of the points. In 
Fig. 5 the box formed by two orthogonal 
Feret's diameters contains the feature. 
The arcs drawn from the center of each 
Side, with radius equal to the Feret's 
diameters, defines the segments of the 
feature that must contain the points that 
lie farthest apart. Sorting through 
these points, initially by skipping 
through them and taking every fifth or 
tenth point, and then finally each point 
around an apparent maximum to find the 
true maximum distance, is fairly fast. 
Again, only multiplication and adding is 
necessary, as the square of the distance 
can be sorted and the square root need 
not be taken. 

From these simple algorithms, the 
primary measurments can be obtained one 
feature at a time. These measurements 
would then be stored, typically ina 
file on a floppy disk, to accumulate 
data describing an entire image or 
series of images. We shall see later 
on a few possible secondary parameters 
and statistical analyses which it is 
useful to obtain from such measurements. 


Video Images: Raster Scan Format 


Scanning electron microscope images 
are normally obtained in raster scan for- 
mat. They may or may not be acquired 
at actual TV rates, and for purposes of 
analysis it makes no difference. The 
physical interface required for a video 
rate scan is usually different from 
that for slow scan, and indeed the latter 


FIG. 6.--Video interface can be used with 
conventional TV camera to process photographs 
FIG. 5.--To find true maximum diameter, or light microscope images, or with a con- 
only points lying outside arcs drawn ventional TV signal from an SEM. 

with two orthogonal projected lengths 

need be considered. 


FIG. 8.--Sequence of chords obtained from 
raster-scanned image must be sorted out to 
link up ones belonging to each feature. 


FIG. 7.--Contrast in this backscattered 
electron image of complex ceramic is 
primarily due to atomic number differ- 
ences among phases. 


FIG. 10.--Typical rough edge, at pixel resolu- 
tion level, consists of many irregularities 
that must be merged and accounted for. 


FIG. 9.--Various situations for joining 
and branching of features, which must 
be sorted out by logic. 
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FIG. 11.--Perimeter is determined by summing FIG. 12.--Form factor decreases ‘as feature 
along dashed lines. shape becomes more irregular. 


may allow the computer also to control the beam position, stepping it along at a speed 
determined by the time needed to measure the image signal adequately. With most low-cost 
analog-to-digital converters, this process takes 10-100 Us per picture point (pixel), so 
that the entire image, at a resolution of 256 * 256 points, would require a few seconds 
to digitize (and correspondingly longer for larger numbers of points). Video images can 
in principle be digitized in a single scan, but it is common to average the relatively 
noisy signal over several sweeps, and the computer may require some time to store away 
either the digitized image itself or some measured chord lengths, so that the total 

image digitization time is still usually a few seconds when a small computer is used. The 
particular image digitizer we use (Fig. 6) measures the brightness of each image point 

as a number from 0 to 63 (6 bits of precision) at each of 256 x 256 points on the image. 

Since the computer has only 65K words of memory, it cannot store this entire image as 
a gray scale. Instead, it is processed as it is scanned to produce a very compact list 
of data in memory that represent the features of interest. This procedure requires first 
definition of some way of recognizing the edges of features. The most straightforward 
method is to have the user preselect upper and lower gray-scale or brightness levels that 
include the features of interest and reject the background (substrate, other features, 
etc.). We find with most SEM backscattered electron images that this works quite well. 

We use an annular, large-solid-angle detector that gives excellent atomic number contrast 
(Fig. 7) and can produce reasonably noise-free images at either slow scan or video rates. 
Our SEM is capable of scanning at true TV rates, and also of having the beam positioned 
by external voltages produced by the DAC/ADC interface card in the computer. 

The gray-scale preselection is made with two potentiometers read by the computer as 
continuous repeated sweeps are made through the image and shows on the computer's high- 
resolution display screen the discriminated image (white pixels where the image bright- 
ness is within the selection range, black elsewhere). This display takes only 8K of 
memory, since only a single bit is needed for each pixel. Each sweep takes from 1/2 to 
several seconds, depending on the density of sampling the pixels. When a satisfactory 
setting to distinguish the features of interest has been found, pressing a button instructs 
the computer to process the image. That is done in one vertical line at a time. 

The brightness at each point is measured for the same vertical position as the TV 
scan reaches each horizontal scan line, and the location of transitions from white to 
black in the discriminated image noted. These are stored as chord lengths: each chord 
within a feature requires three numbers, the line number, position of the start, and posi- 
tion of the edge. The result is a compact table easily stored within the computer or on 
disk, readily displayed on the computer's graphics display, and suitable for processing to 
obtain measurements, as will be described. 

There are other methods that could be chosen to discriminate between features and 
background besides brightness per se. For secondary electron images, the brightness va- 
ries in complex ways with geometry and composition and cannot be easily used with a simple 
gray-scale test. But edges are frequently enhanced, at least for regular particles sitting 
on a substrate, and a derivative test, checking the difference between brightness of adja- 
cent pixels, can sometimes be applied. The major difficulty with this approach is that 
the derivative is directional, following either a vertical line corresponding to the 
acquisition of the image as described above, or a horizontal line if that format is used 
to acquire the image. In either case, since the processing must be done as data are 
obtained and not later, with an entire stored image, features that have edges aligned 
nearly parallel to the acquisition direction may not be reliably detected. Storing of 
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a few lines at a time, to permit two-directional derivative testing, is possible in prin- 
ciple but slows down the data acquisition significantly. This method must be regarded as 
a special case of limited applicability at this time. 

The same is true of methods that combine multiple signals, such as bacscattered elec- 
trons and x rays. Only practical with slow-scan positioning of the beam by the computer, 
it is sometimes possible to determine the elemental signature of the feature as a 
supplement to brightness discrimination. Generally, the extremely low count rate for x 
rays and the difficulty in determining the proper position for the beam on an irregular 
surface makes it wiser to process the brightness image first, find the location of all 
discriminated features, and then direct the beam back to the centers of features later for 
compositional classification. 


Sorting Out Features 


In the raster-scan image, stored as the addresses of chords in features in order of 
address, it is not immediately clear as to which chords belong to which features. Figure 
8 shows several features whose chords would be intermixed; the identifying numbers show the 
order in which they would be actually stored. Logic is required to sort it out. Also, for 
features that are not convex, there can be protrusions that produce separate chords in the 
stored table that must be somehow identified as belonging to the same feature. Figure 9 
illustrates this situation, with leading-edge protrusions that must be merged later, when 
the common identity becomes clear in processing a subsequent scan line; trailing-edge 
protrusions whose identity is known and which need only be summed; and features within 
features, which must be identified, counted, and measured separately. 

The situation is complicated by the fact that feature edges are not smooth, but 
composed of individual pixels; where edges run nearly parallel to the scan direction, 
there may be extensive roughness. This crenellation (Fig. 10) produces many small chords 
that must be merged but whose common identity is not known when they are first encountered, 

The logic for accomplishing this merging is carried out in the computer. As each 
chord is read from the list, it is assigned a feature number. If comparison with the 
preceding scan line shows that the chord touches or overlaps a chord there, then it is 
given the same number; otherwise it is assigned a new one. When two previously different 
number features are joined by a bridging or common chord in a subsequent line, the fea- 
ture number for all the chords in the second set are set equal to the feature number for 
the first set. In this way, eventually all the chords are assigned numbers that identify 
the feature to which they belong. Of course, there is a practical upper limit to the num- 
ber of features that can be accounted for at any one time. On a single scan line, there 
can be no more than 128 chords (for 256 points), and so it is never necessary to have more 
active identification numbers than that. Earlier features that have ended can be written 
away to a permanent storage region in memory or on disk, to make the identification numbers 
available for new features. , - ; if 

In addition to simply counting the identified features, we usually wish to measure ~ 
them. The area is directly obtained as the total number of pixels, converted to real 
dimensions by a magnification factor previously entered (by the user entering the distance 
between two identified points in the image). Similarly, the centroid location can be 
found by simple addition of the chord lengths times their coordinates, to get the average 
X and Y positions. For nonconvex features this process may give a location that is not 
within the boundaries of the feature, and may therefore be worthless for re-positioning to 
measure x ray or other compositional information. 

The perimeter of the features can be well approximated by summing of the lengths of 
hypotenuses of triangles formed by each set of chord ends, as shown schematically in 
Fig. 11. Additional complexities arise when consecutive chords on one raster line become 
part of the same particle via a "bridging" chord, and special flags must be set to handle 
this and other special situations such as the end of a particle. Also, each set of chord 
end points can be transformed into several rotated coordinate systems to find the extreme 
points, and find the Feret's diameters to get the particle length and breadth. We have 
found 16 directions (about every 11°) to be an acceptable compromise between speed of 
processing and memory storage requirements on the one hand, and the problem of error in 
the minimum breadth measurement for very long, narrow features on the other, as was 
mentioned before. The area, perimeter, length, breadth, orientation (angle of the maximum 
Feret's diameter) and perhaps location of each feature are saved on disk for subsequent 
processing. 
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Before these measurements are carried out, it is sometimes useful or necessary to modi- 
fy the raw image. Rough edges can be smoothed by a process known as "plate and etch." 
First any black pixel with four or more (out of eight possible) white neighbors is made 
white. Then any white pixel with more than four black pixels is made black. This process 
(which can be altered in subtle ways by changes in the number of neighbors required in the 
two tests) first fills in small irregularities and then erases small protrusions, leaving 
smoothed edges. 

Another image-modification process is to fill all holes. This process is particularly 
useful with SEM images of particles, which may have holes in the center of the discrimina- 
ted featrues. The hole-filling process is not trivial, and consists of first inverting 
the image and finding all features in that image that do not touch the edges. These fea- 
tures must be the insides of bounded regions in the original image, and hence should be 
added to the original. After that is done, holes are filled in, This modification also 
wipes out any features within features, of course, and should not be used except when 
appropriate. 

There are also some case in which manual modification of the image is desired, partic- 
ularly when it is necessary to separate features that ouch each other. (Even if only at 
a single pixel, this touching would cause the same feature number to be assigned to all 
the chords, and consequently for the area, perimeter, and so forth to be added together 
as a Single feature.) Manual modification is also useful when a particular feature may 
have a protrusion or other region that appears in the image to be disconnected, so that 
one can manually provide the connection that was omitted in the digitized image, possibly 
because the joining region was different in brightness or too small to be resolved in the 
fairly low-resolution digitized image. These modifications are carried out by enlargement 
of any segment of the image on the computer screen, so that individual pixels are apparent, 
and allowing the operator to position a cursor with a joystick and press a button to turn 
the pixel either white or black. 


Dertved Parameters and Statistics 


From files of the primary, feature-specific measured data stored on disk, calculation 
of derived or secondary parameters can be carried out afterward, The nature and possible 
complexity of derived parameters constitutes the field of stereology: the derivation of 
three-dimensional parameters from two-dimensional information.!’? For instance, a form 
factor can be defined as the ratio of 4m times areadivided by perimeter squared. This 
value gives, in qualitative terms, the relative amount of inside as compared to outside. 
It is exactly unity for a perfect circle, and becomes smaller and smaller for more irreg- 
ular shapes (Fig. 12). This method can be used to estimate the true surface area of 
irregular shapes (see below). Another form factor that is sometimes used is the aspect 
ratio, the ratio of the length to breadth of the feature. This is important in choosing 
a model of proper shape to estimate size distributions. 

Two fundamentally different kinds of images are encountered in SEM work, One is of 
particles on top of a substrate, in which we see the projected area of the particles. It 
may be reasonable to assume that the height of the particles is comparable to their breadth, 
although for flat platelets such as some clay minerals that may not be the case. By ma- 
king a few assumptions about the shape of particles, one can often estimate the volume and 
surface area, which are generally of greater interest than the measured parameters. The 
volume can be estimated, for instance, as the volume of an ellipsoid of revolution whose 
major axis is the length (longest Feret's diameter) of the projected feature, and whose 
minor axis is either the breadth (minimum Feret's diameter), or another minimum diameter 
such as the minor diameter of an ellipse with major axis equal to the measured length and 
area equal to the measured area. From this volume, it is common to take an "equivalent 
spherical diameter" as the diameter of a sphere of equal volume, 

For many purposes, the surface area can be adequately estimated as the surface area 
of the ellipsoid divided by the form factor (which estimates the additional surface due 
to local irregularities). This is an imperfect model, which can be off by factors of 50% 
or more for extreme particle shapes (such as tetrahedra), and furthermore ignores very 
small scale roughness that is hidden in the projection of overlapping of other protrusions 
from the particle surface. Nevertheless, it has proved to be useful in many routine 
applications where surface area is a factor of prime concern. 
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Distribution plots of number of features 
versus equivalent spherical diameter (for 
instance) usually show a log-normal trend. 
So do plots of the total volume of particles 
summed for particles in each size class 
based on diameter, or of total surface 
area. Programs to plot such distributions 
are an integral part of the software pack- 
age we use for this application. The plots 
appear on the computer's graphics display 
(Fig. 13 has an example) and may also be 
printed out on a graphics printer attached 
to the system. 

The examination of flat surfaces that 
section through a microstructure of dis- 
persed phases in a solid presents a very 
different set of measurement problems, which 
are the subject of entire textbooks and 
symposia. Consider the measurement of ei- 
ther inclusions or porosity in a bulk solid. 
The area of features presented on the sec- 
tion is not the maximum or projected di- 
mension of the actual inclusion, pore, or 
phase. Indeed, it is always less. The 
most common assumption is that all the fea- 
tures that have been measured are sections 
of spheres, and from this assumption one 
obtains the size of the three-dimensional 
particles that would correspond. For 
various complex shapes it is possible to 
compute the probability of measuring a 
section of any particular fractional size, 
and so tables of coefficients have been 
determined that convert a size distribution 
of measured features to one for the pre- 
sumed shapes. However, to apply the trans- 
formation it is necessary to choose the 
proper shape to model the dispersed phase. 
The choice between prolate spheroids 
(used as models for tubular or fibrous 
: shapes) and oblate spheroids (used as 
—o i Bee oe NORTE ScPIXELD models for disks and plateletes) must be 
FRO oh bbe? 1a’? Lone OUP based on what can be observed in the sec- 
ee tion, unless the operator has independent 


FIG. 13.--Log-normal distribution is knowledge of the microstructure. However, 


commonly observed for particle diame- sections through either kind of spheroids 
ters, volumes, and surface areas. produce ellipses in the section. The 


distinction can be made because for pro- 

late spheroids, the diameter of the most 

equiaxed section observed is close in size 
to the minor diameter of the most unequiaxed section, whereas for oblate spheroids the 
diameter of the most equiaxed section observed is close to the major diameter of the most 
unequiaxed. An adequate number of features must be observed for this test to make sense, 
which is one of the reasons we need to use the computer in the first place. 

Many other parameters of stereological interest, such as the spacing of plates, mean 
distance between features, fiber cross-sectional variations, number of features per unit 
volume, surface area per unit volume, and so forth, can also be obtained from the database 
described. Also, extensive statistical analysis programs to report mean and variance, as 
well as distribution, to find correlations between variables, or functional relationships 
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(including linear, log, or polynomial fitting), and to carry out multiple regression, 
analysis of variance, and so on, are included. These parameters are all well within the 
capabilities of a small computer, limited primarily by the speed with which large disk 
files can be read. 

The programs that digitize the image (either from the interface to the standard TV 
image or from a slow-scan DAC/ADC card) and which convert it to chord length tables, or 
which accept the input from the graphics tablet as the user moves the stylus to outline 
features, are in machine language for speed. So are the routines to determine area, 
perimeters, and so forth for either the chord length encoded images from raster scan 
entry, or the perimeter lists from the graphics tablet input. The data analysis programs 
are all written in standard Basic, for ease of handling disk files, for ease of adapting 
to particular needs that may arise, and for the built-in documentation provided by variable 
names and REMark statements. 
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COMPUTER GRAPHIC ANALYSIS OF ELECTRON MICROGRAPHS AS A TAXONOMIC TOOL 
Caroline Schooley, C. S. Hickman, and W. C. Lane 


Shape is frequently important in taxonomic discrimination. In molluscan taxonomy shape 
traditionally has been described in qualitative terms; however, classical shape descrip- 
tion vocabularies are rife with ambiguity. 

In order to make quantitative and statistical analyses of both inter- and intra- 
species variation, it is necessary to develop a vocabulary of quantitative shape des- 
criptors. Quantification of morphology in molluscan systematics has involved primarily 
morphometric analyses, in which comparisons are made of linear distances between homolo- 
gous points or landmarks.’ * There is a large body of literature dealing with shape 
description, both for morphology with obvious landmarks and for forms lacking reliable 
homologous landmarks. It is possible, particularly with the aid of computer, to describe 
shape without reference to landmarks. This capability is particularly important for 
describing curvatures and can be done easily from digitized photographic images. 

In fact, the capabilities for storing and analyzing complex three-dimensional mor- 
phology need not even involve intermediate photographic images. Hardware and software 
have developed to the point where computers can be programmed to examine objects di- 
rectly. The use of these more sophisticated forms of technology awaits collaboration 
between taxonomists and computer software specialists in major academic and industrial 
settings. 

However, the proliferation of low-cost, easy-to-use microcomputers has placed an 
important taxonomic tool in schools and homes throughout the country. Three-dimensional 
data from paired stereo micrographs can be analyzed and stored in a variety of ways.*’° 
And special-purpose graphic analysis programming provides a ready-made set of tools for 
the taxonomist who lacks programming skills. 

As a test and simple illustration of the potential of computer-graphic analysis in 
molluscan research, we selected a stereo pair of the radula of an unusual limpet. The 
animal is an undescribed species of the genus Pecttnodonta Dall, 1882, a group of deep- 
sea limpets that live on water-logged wood and ingest wood using a highly modified form 
of radula. The curvature of the teeth is of potential importance not only in taxonomic 
characterization of the new species but also in understanding the mechanical function of 
the booth as an inferred wood rasp. 

A direct lateral view of the curvature of an individual tooth is not possible from the 
flat-mounted specimen illustrated in Fig. 1. We used the information contained in the 
stereo pair to plot the curvature on the computer video display and then asked the com- 
puter to determine the equation for the curve. This equation provides a description of 
shape as a set of coefficients of a best-fit power series curve that can be stored 
numerically. A scanning electron micrograph of a separate preparation (Fig. 2) provides 
a check on the computer results. 


Methods 


The computer used is an Apple II equipped with two disk drives, video display, and 
a graphics tablet (Apple Computer, Inc., Cupertino, Calif.). The Apple Topographic 
Analysis Program (Scientific Microprograms, Raleigh, N.C.) was modified for our applica- 
tion by Lane Associates (5324 Selma, Fremont, Calif.). Although the same task can be 
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accomplished with a simpler microprocessor-linked planimeter,’ we prefer the Apple system 
because of its great versatility; the same system can perform a wide variety of laboratory 
tasks. 


| FIG, 1--Stereo 
|micrographs of 
flat-mounted 
|radula of un- 
| described spe- 
icies of the 

| wood-eating 

| limpet Peectt- 
| nodonta. 
Angular separ- 
ation of mi- 

| cropgraphs, 
7°, bar = 

100 um. 


Figures 1 and 2 were placed on the graphics tablet and information on the scale and 
angular separation of the stereo (7°) were entered into the computer. By use of the 
graphics tablet stylus, the X-Y coordinates of corresponding points on the top of a 
selected tooth were then entered. The lateral displacement (parallax) of a point in a 
stereo pair is determined by its Z-axis height.°?® After all points were entered, the com- 
puter was asked to: (1) plot their Z-axis location, (2) fit a curve to the points as they 
lay along the crest of the tooth, and (3) display the coefficients of that curve. 


Results 


Figure 3 shows the plot of the tooth curvature as it appears on the computer video dis- 
play for comparison with the curvature of the dissected individual tooth in Fig. 2. The 


FIG. 2.--Side view of a preparation of a FIG. 3.--Plot of curvature of individual 
single tooth, illustrated at the same tooth from computer video display for 
magnification as the video display plot comparison with actual curvature of tooth 
in Fig. 3. in Fig. 2. 
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small size of the paired micrographs (8 x 11 cm) and the limited resolution of the Apple 
graphics tablet produces a point spread that could be reduced by use of larger prints 

and a better digitizer, either purchased or user-built.’’? However, the computer- 
generated curve shows an obvious correspondence to the curve of the dissected tooth. 

The computed coefficients, A(O) = 5.492, A(1) = 0.660, and A(2) = -0.001, allow straight- 
forward storage of the curve in the computer along with other taxonomic data. The 
equation into which these are fitted to produce the curve is: 


co 
n 
y = ) Ax 
n=0 ™ 
Impltcattons 


The illustration provided here has several important implications for molluscan taxo- 
nomists. First, shape description has, in the past, and particularly for curves and com- 
plex shapes, been verbal and highly subjective.’® It can be described in simple mathe- 
matical terms and stored for subsequent analyses, such as comparisons of homologous 
shapes in other individuals or taxa. For the wood-ingesting limpet Peettnodonta, which 
has a radula that differs markedly from the typical radula of other similar limpets, cur- 
vature of the unusual, serrate, diagonally arrayed teeth is expected to be helpful in 
subsequent analysis of tooth function relative to feeding substrates. It will also be 
very useful to know whether the curvature varies among species of Peettnodonta, or (as 
one might predict if curvature is tightly correlated with function as a wood rasp) if 
it is constant within the genus. 

Second, precise descriptions of shape can be derived from stereo photographs or stereo 
scanning electron micrographs of complex three-dimensional objects. Scanning electron 
micrographs provide the standard method of storing a great deal of two-dimensional data 
about very small objects. But inferences of depth and contour in scanning electron mi- 
crographs are subjective, and a single micrograph is not a good source of quantitative 
information. Stereo micrographs are essential to an understanding of radular morpholo- 
gy oe but interpretations remain subjective: quantification from stereo pairs is not 
and easy matter without the aid of computer graphics. 

Perhaps the greatest potential of the computer graphics revolution with respect to 
taxonomic analysis from stereo pairs is the freedom that it allows to view small complex 
objects from alternative vantage points. In this study, we simply recorded points on a 
selected line and obtained a curvature, which enables us to see a tooth from the side 
rather than from a top view. If additional points are plotted, entire objects can be 
mapped and viewed from a variety of other angles. Dimensions, areas, and volumes can be 
obtained, stored, and compared. 

The software used in this analysis is also capable of the same kind of analysis by 
use of serial sections in place of stereo photographs. Several other available pre- 
written programs can provide stereological analysis’’’? and/or three-dimensional recon- 
struction for serial sections,’* but we know of no other that accepts stereo pair data. 

Taxonomists traditionally have spent a great deal of time in both the measurement 
of specimens and in the analysis of measurements. Computer graphic techniques not only 
offer important shortcuts in the analysis of quantitative data, they can also facilitate 
the time-consuming process of making measurements in the first place. 
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AN EXPANDABLE OPERATING SYSTEM FOR ON-LINE ANALYSIS OF SINGLE-CRYSTAL 
ELECTRON DIFFRACTION DATA 


P. Fraundorf 


Crystal structure determination and analysis based on the techniques of electron diffrac- 
tion has traditionally been the province of electron microscopists with a background in 
crystallography. Given the recent widespread juxtaposition of computers and transmission 
electron microscopes, that need no longer be the case. In fact, with suitable software it 
is possible to accord to structure analysis, via electron diffraction, the simplicity and 
on-line convenience already common to compositional analysis via energy-dispersive x-ray 
(EDX) analysis. However, a fundamental difference exists between applications for composi- 
tional and structural analysis. In the former case, the final goal for analysis of a single 
region is determination of composition. In the latter case, determination of the crystal- 
lographic structure of the specimen, and its orientation in the microscope, is often only 

a first step in the analysis process. One way in which this difference might be reflected 
in the design of an expandable operating system for single-crystal diffraction analysis is 
discussed here. 


Determtnatton of an Ortented Basis Triplet 


As suggested above, applications for crystallographic structure analysis can be con- 
veniently broken into two categories. The first, identification of the basic crystal struc- 
ture and its orientation in the microscope, is analogous to determination of composition 
from an EDX spectrum. The output of such an analysis is conveniently expressed as a 3 x 3 
matrix of coordinates for the crystallographic basis vectors in a system referenced to the 
specimen stage. We refer to this matrix here as an oriented basis triplet (OBT). Two ef- 
ficient algorithms for determining the OBT of an unknown crystal have recently been de- 
scribed in the literature.! A simpler algorithm for determining the OBT for a known crys- 
tal has also been published.2 

In analogy to the "raw" EDX spectrum, the "raw" data file for determination of the OBT 
for an unknown crystal would contain the observed coordinates for several diffraction spots 
from the crystal of interest, again in a 3-dimensional system referenced to the specimen 
stage. Off-line applications of such data have already been published,? and hardware to 
allow on-line input of observed spot coordinates to a microprocessor has also been described 
in the literature.» 


Posttdenttficatton Appltcattons 


Although observed spot coordinates constitute the normal "raw'' data for determination 
of the crystal structure and its orientation, the oriented basis triplet itself constitutes 
the input data for a wide range of postidentification applications. Such applications in- 
clude the following. 


a. Direct or Miller indexing of arbitrary micrograph directions. 

b. Determination of micrograph coordinates for arbitrary direct and reciprocal lattice 
vectors. 

c. Determination of goniometer coordinates necessary to access a desired crystallo- 
graphic direction. 

d. Providing indexed stereographic projections and Kikuchi line maps for the crystal, 


The author is with the McDonnell Center for Space Sciences, Washington University, St. 
Louis, MO 63130. Work toward development of an operating system of the sort discussed here 
has been funded in part by (i) NASA Grant NGL 26-008-065 and (ii) N. V. Philip's Gloeilam- 
penfabrieken in Eindhoven. 
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as they might appear on the microscope screen for a given set of goniometer and lens set- 
tings. 

e. Determining the relative crystallographic orientation of two crystal structures, 
thus for example allowing identification and indexing of twins. 

f. Determining the crystallographic orientation of defects and inclusions. 

g. Providing indexed convergent beam patterns for the structure, again as they might 
appear for a given set of goniometer and lens settings. 

h. On-line simulations of defect contrast for a given set of goniometer and lens set- 
tings, to facilitate on-line identification of observed defect structures. 


Conelustons 


In summary, a natural division of diffraction analysis techniques into two categories 
is appropriate: those which operate on observed spot coordinates, and those which operate 
on an inferred oriented basis triplet. Refined methods for rapid determination of an 
oriented basis triplet promise to make approximate determination of unknown structures by 
electron diffraction as convenient and simple as is qualitative determination of unknown 
compositions by EDX analysis. But beyond that, the development of software to support more 
advanced on-line applications of crystallographic information has only begun. 
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10 
New Techniques 


IMPROVED SAMPLE CURRENT SIGNAL PROCESSING WITH AN OPTICALLY ISOLATED AMPLIFIER 
J. R. Hale: 


On a multiple-detector microprobe system it was necessary to improve the specimen current 
amplifier system for imaging with lower specimen currents in the presence of power-line 
induced system noise. By providing for imaging with lower specimen currents, the use- 
fulness of specimen current signals can be enhanced for working with delicate samples 
where high probe currents would be destructive. This signal provides the user with unique 
information free of detector-related orientation effects with no significant dependence 

on specimen working distance.’ When the signal is used in conjunction with the secondary 
image, a more thorough analysis can be made of the studied specimens,* The experimental 
unit provided satisfactory performance down to 100 pA. At this level the induced ground 
noise was not the main limitation, but rather the noise of the active device chosen for use 
in the transresistance amplifier. 


Preliminary Tests 


Following the transresistance amplifier stage, several voltage-amplifying and video- 
processing stages are usually used to provide the CRT cathode with an adequate drive signal 
level (typically around 6 V peak-to-peak) for a satisfactory monitor display (Fig. 1). 
Photographs taken with the existing system below 10 nA showed an excessive amount of noise 


at the power-line frequency as evidenced by the vertical light and dark hum bands from top 
to bottom. A photo taken with the video processing amplifier input disconnected from the 
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FIG. 1.--Specimen current signal amplification with direct video system-to-spectrometer 
ground referencing. 


The author is at Bausch §& Lomb, Microscopy & Image Analysis Division, 9545 Wentworth 
Street, Sunland, CA 91040. 
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preamplifier did not exhibit hum bars for an identical gain setting. To analyze the 
problem further a check was made with the electron beam blanked and the preamplifier 
reconnected. Again the noise was present, implying two possibilities: (a) either the 
noise was capacitively coupled to the preamplifier input, or (b) it was an induced com- 
ponent related to the signal grounding referencing for stages following the preamplifier. 
Futher experiments with preamplifier input isolation ruled out the first possibility. 

An analysis of the system ground revealed that the multiple ground connections be- 
tween the spectrometer and video console (safety grounds included) made single-point 
ground referencing impractical. The alternative was to break the ground referencing for 
the video chain between the spectrometer ground and the video console ground, and thus to 
eliminate the ground current noise component. 


Destgn Constderattons 


The initial signal developed at the output of the transresistance stage with an R¢ 
value of 5 M8 is around 50 mV for a specimen current of 10 nA. In the first preampli- 
fier design the preamplifier output was the signal output of the transresistance stage, 
which would correspond to AV; = 1 in Fig. 1. As the signal level fell below 50 mV at 
the lower operating currents, the noise voltage became a larger fraction of the total 
Signal as seen by the console video amplifier. To deal with this problem, either the 
voltage amplification at the preamplifier could be increased (which would make the induced 
noise voltage smaller than the desired signal), or an optical isolation amplifier stage 
could be inserted between the preamplifier and the video amplifier input. The main ad- 
vantage of the second option was that the noise component was eliminated from the output 
signal altogether, as follows (Fig. 2). 
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FIG. 2.--Specimen current signal amplification with optical isolation. 


Both the transresistance stage and the voltage amplifier are referenced to the spec- 
trometer ground. The noise component does not enter in at this point as long as the 
grounds both converge at spectrometer ground. The other two ground wires that must also 
tie in at the spectrometer are the isolated power suppy ground and the isolation amplifier 
driver stage ground. A single tiepoint for preamplifier ground allows the initial stages 
to operate in a near ideal manner. The isolation stage allows the signal reference point 
to be shifted to the video console ground. The video processing amplifier thus does not see 
the noise voltage potential that exists between the two system grounds. 
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Preampltfter Destgn 


The signal output of the transresistance stage is determined by the size of the feed- 
back resistance R¢ (Figs. 1 and 2), which should be as large as possible and yet small 
enough to maintain required bandwidth. Another consideration is amplifier device input 
current noise, since a high R¢ when multiplied by current noise produces an output noise 
voltage. The gain of the voltage amplification stage following the transresistance stage 
also affects the choice of R¢: for a given signal output, the higher the gain the smaller Rr 
can be. The tradeoff is in signal-to-noise ratio. For smaller R¢ lower output voltages 
are obtained for a given current and therefore the device noise becomes critical for both 
the transresistance stage and for the voltage amplifier. Selectable resistors for R¢ pro- 
vide for extension of the high-current operating limits of the preamplifier. At higher 
currents, where R¢ can be reduced, the bandwidth is increased. The bandwidth of the sys-~ 
tem then depends on the performance of the amplifier's isolation stage. 

Commercially marketed isolation amplifiers are available at present with bandwidths of 
15-30 kHz. In the present case, an isolation circuit with optoisolators was preferred, 
Since it offered the greatest potential for improvement of the bandwidth. Such a circuit 
is described by Nielsen and provides a 50kHz bandwidth with good temperature stability. ° 
A similar circuit was used in the present prototype, with an observed bandwidth of about 
80 kHz. Although the performance of the isolation circuit was sufficient to overcome the 
initial noise problem, the limited bandwidth was a shortcoming. Greater bandwidth of the 
isolation amplifier would provide for faster frame rates in the image display. Further 
experimentation with high-speed isolators in a test isolator stage recently provided a 
Signal bandwidth of about 900 kHz. The circuit has yet to be incorporated into the main 
preamplifier for additional testing. 


Concelustons 


The concept described for use with the specimen current preamplifier provides a means 
for suppressing the ground-loop system noise that would otherwise make the SEM image un- 
usable for low operating current levels. This technique may be applied to any system in 
which the desired signal is associated with a ground that is noisy with respect to the 
ground reference for a remote signal amplifier. 
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PHOTOTHERMAL DETECTION OF NO, 


Horn-Bond Lin and D. U. Fluckiger 


Recently an ultrasensitive photothermal technique, called phase fluctuation optical 
heterodyne (PFLOH) spectroscopy, has been developed for characterization of weakly 
absorbing species.1”-* This technique has been used successfully for studying microwave 
abosrption characteristic of liquid,! for the time dependence of intra-molecular relaxa- 
tion processes in Eases: 2 and for the in stty, trace detection of atmospheric pollutant 
gases°® * and aerosols. The anticipated absorption sensitivity of a realistic narrow 
bandwidth (cw) version of this device appears to be less than 10° 1) om (in terms of 
absorption coefficient), superior to that of the best previously obtained (107*° to 

10-? cm™!) by using photoacoustic spectroscopy. This superior sensitivity and the 
coherent detection scheme of PFLOH has merited the technique to be accessible for in situ 
characterization of weakly absorbing samples (i.e., ultradiluted sample, single aerosol 
particle, molecular overtone absorption and micro samples). For example: highly specific, 
interference-free measurements of molecular gases have been achieved when PFLOH is comple- 
mented by a Stark-effect cell? or gas chromatograph.* In addition, PFLOH has been 
employed to analyze aerosol absorption,’ and similar characterization of single particles 
is also feasible. In this paper, we describe a new version of a PFLOH apparatus which 
employs visible laser radiation for sample excitation. Hence, these measurements are 
extended to this spectral region. Preliminary experiments on NO, have achieved sensitiv- 
ity of one part per million and better. 

PFLOH spectroscopy uses a Mach-Zehnder interferometer as a photothermal detector to 
detect coherently the small phase change of a single-frequency laser (a low-power He-Ne 
laser), which results when it passes through a transparent medium whose density (and 
consequently refractive index) has been changed by light absorption. In the absence of 
absorption saturation and thermal diffusion effects, the change in refractive index is 
related to the absorption coefficient (and consequently the sample concentration), the 
sample length, and the excitation laser intensity. However, for a given sample, the 
detected signal is proportional to the energy absorbed by the sample. 

For trace-gas monitoring, a laser is operated at a wavelength that is strongly 
absorbed by the species of interest and is used to excite the sample. The change in local 
number density can be determined from the concomitant change in the refractive index. It 
is instructive to estimate this quantity and the magnitude of other quantities involved. 
If the excitation laser is modulated at frequency w,, it can be shown that the corre- 
sponding Fourier component of induced index of refraction An(t) is approximated by 


An(t) = (n - 1)I,a sin(wt)/2wC Te, (1) 


where I, is the cw intensity of the excitation laser, n is the refractive index of the 
sample, a is the absorption coefficient of the trace species at the excitation wavelength, 
pe is the density of the sample, C, is the specific heat at constant pressure, and T 
is the ambient temperature in Kelvin. Equation (1) is derived on the assumptions that Io 
is nonsaturating, that the thermal conduction time is greater than WwW -* and that the 
radius of the sample cell (cylindrical symmetry) is much greater than” the laser beam 
diameter. For erat typical values in nitrogen, are Ww, = 27°27 Hz, T = 293°K, 


v 


n- 1 = 2.92 x 107" » 0, = 1.165 x 10°*5 cm °, C, = 1.006 J K tg}, and I, = 100 W cm”. 


The authors are at Brookhaven National Laboratory, Upton, N.Y. 11973. This work was 
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An amount of 1 part of NO, in 10? parts (ppb) of N, at 1 atmosphere excited by 488nm 
laser radiation results in an induced index change of An = 1.5 x 10°??, 

A change in index of this magnitude can in fact be measured by use of a laser 
heterodyne interferometer. In this scheme a stable single-frequency probe beam, 
usually from a He-Ne laser source, 1s utilized in a Mach-Zehnder interferometer con- 
taining the sample in one of its arms. The He-Ne beam is split into a reference com- 
ponent and a component that passes through the sample which is phase modulated by the 
time-varying index of refraction. The sample and reference beams are heterodyned in 
a photodiode and the time-dependent change in the index of refractive is then detected 
by a lock-in amplifier. The signal from the lock-in amplifier is proportional to the 
magnitude of An as given by Eq. (1). 

By the use of a photon-noise-limited single-frequency laser as a probe source, the 
signal-to-noise ratio (SNR) for coherent detection® is 


SNR = (nP ) (hvAv) 7? (2) 


where nN is the quantum efficiency of the detector, hv is the energy per photon in the 
laser beam, Av is the bandwidth of the signal-processing electronics, and P. 1s the 
Signal power associated with the phase fluctuation sidebands of the laser generated by 
the refractive index fluctuation of the sample. For this SNR = 1, the minimum detectable 
change in refractive index is found of the order of 10°'*, which corresponds to detecting 
of the order of 1 ppt of NO2. 


Expertmental 


Our experimental apparatus is shown in Fig. 1. The Mach-Zehnder interferometer is 
illuminated by a single frequency He-Ne laser (Tropel model 100; A = 66 nm). This par- 
ticular laser has been shown to provide better than -35 dB (with respect to 1 UW) noise 
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FIG. 1.--PFLOH apparatus for visible laser radiations. 


power over a 30Hz bandwidth.* A beam splitter divides the 633nm radiation between the 
reference beam and the sample beam. Both excitation beam and He-Ne beam overlap in the 
sample region. The excitation source is an argon-ion laser operating at 488nm and modu- 
lated by a constant-speed mechanical chopper (PAR model 25) at 27 Hz, plane polarized 
vertically with respect to the He-Ne beam polarization. The 488nm beam enters and 
leaves the interferometer viatwo glan polarizerprisms and two dye-laser total-reflector 
mirrors. The excitation intensity is set so that the nonsaturation and thermal-diffusion- 
time criteria are met. The small change in phase-front curvature of the sample beam is 
neglected as it gives rise to only second-order effects in the mixing at the PIN diode 
photodetector (EC&G, HAD 1000). For proper detection, the interferometer is maintained 
half way between constructive and destructive interference by a servo system that gener- 
ates an error voltage from the dc output of the PIN diode. This voltage is used to 
drive a piezoelectric transducer (PZT) on one of the interferometer mirrors. A lock-in 
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amplifier (PAR model 128A) is used to extract the signal component at w , the 
chopping frequency. This PFLOH device is vibrationally and acoustically” isolated by 
means of an air suspension table (NRC model RS-510-8) and an acoustic enclosure. 


Result 


Our PFLOH system was calibrated by means of a 10ppm NO» in pure No sample. An 
averaged signal of 250yV was obtained with a 10cm cell and a 0.5W laser. A noise level 
near 0.2-0.3 pV (30s integration time) was observed. The sensitivity in this case was 
acoustic noise limited (SNR = 1), equivalent to a sensitivity of 10°’ em, corresponding 
to a detection limit of 10 ppb of NO2. This preliminary experiment has already shown a 
sensitivity comparable with that in a recent report of NOo measurements by photoacoustic 
technique with a nonresonant cell.*"° Further work will be on the improvement of the 
vibrational isolation. An enhancement of two to three orders of magnitude in detection 
sensitivity can be achieved to approach photon-noise-limited performance. 

In addition to the highly sensitive nature of this device, the important features of 
PFLOH spectroscopy may be summarized as follows: 


1. PFLOH yields a signal proportional to the optical path of the sample; i.e., it 
is scalable. 

2. In the absence of thermal blooming, the PFLOH signal depends linearly on 
various parameters such as sample concentrations, total pressure of the gaseous sample, 
and the excitation laser intensity. 

3. Linear frequency dependence was observed when the excitation laser was 
modulated in the range 13 < (w,,/ 27) < 4000 Hz. 

4. Very large dynamic range is available; i.e., spanning ppt quantities to a pure 
sample is possible. 

5. In sttu capabilities. 


We have shown a new dimension of PFLOH spectroscopy; that is, the absorption studies 
of the visible light radiation and, in principle, UV and near-IR radiation absorption 
as well. However, the technique will not be limited to study the gas phase; it will 
be possible to study the absorption characteristics of weakly absorbing species of all 
states of matter so long as they are capable of optical probing. 
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